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ABSTRACT 
Sphalerite (ZnS) is a primary source of zinc metal. It usually coexists with other sulphide minerals 
such as pyrite (FeS2) and galena (PbS). Its concentration is accomplished by froth flotation using 
short-chain thiol collectors such as xanthate. Due to its unique chemical and structural 
characteristics, the concentration of sphalerite by flotation requires Cu-activation, which is a 
process of making the mineral susceptible to reactions with the thiol collectors. The high amount of 
copper sulphate consumption is a big challenge for zinc processing plants, and the parameters that 
lead to a significant amount of copper sulphate usage for sphalerite activation is not well-
understood. Based on the literature review and zinc processing plants reports, process water quality 
and the presence of pyrite during sphalerite Cu-activation could be two main factors affecting the 
activation that are the main focus of this thesis. 
To develop insight into mechanisms of Cu-activation of sphalerite and pyrite, Cryogenic X-ray 
Photoelectron Spectroscopic (Cryo-XPS) and zeta potential measurements were applied. The Cryo-
XPS results showed that Cu-activation of sphalerite was an ion exchange reaction with CuS-type 
layer formation, while pyrite Cu-activation was governed by redox reactions with CuFeS2-type 
layer development. Depth profiling after 10 min activation revealed Cu diffusion into the sphalerite 
lattice up to 10 nm, while the thickness of the activation product on pyrite surface was less than 3 
nm. The zeta potential studies confirmed proposed surface products on the minerals by Cryo-XPS.  
Hydrophobicity and many other surface properties of Cu-activated sphalerite can be changed by 
dissolved ions available in the process water (e.g. calcium, magnesium and sulphate). The effect of 
Ca(NO3)2, Mg(NO3)2, MgSO4 and CaSO4 on the surface properties of Cu-activated sphalerite was 
studied using sessile drop Contact Angle (CA), Cryo-XPS and zeta potential measurements. The 
CA measurements showed that the hydrophobicity of sphalerite developed after Cu-activation, but 
the presence of 3×10
-2
 M Ca(NO3)2 or Mg(NO3)2 or MgSO4 decreased its hydrophobicity. The XPS 
data showed that the effect of these ions appeared to be the same, namely a decrease in Cu 
adsorption and polysulphide formation. Zeta potential measurements confirmed the presence of 
calcium and magnesium ions on the sphalerite surface.  
Sphalerite is not the only sulphide mineral whose flotation behaviour can be affected by the 
presence of Cu ions in solution. The possibility of inadvertent Cu-activation of pyrite and its 
undesirable flotation is one factor accounting for the effective separation of sphalerite from pyrite. 
The surface hydrophobicity and components of the Cu-activated sphalerite were measured to 
investigate Cu adsorption kinetics of sphalerite in the presence of pyrite using a novel experimental 
approach of High-Speed Video Microscopy (HSVM) and Cryo-XPS. HSVM method allowed for 
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in-situ liquid film Drainage rate (DR) and bubble-mineral CA measurements. The results showed 
that, after the activation, sphalerite became hydrophobic by the formation of polysulphide as 
confirmed by Cryo-XPS while pyrite remained hydrophilic. With increasing activation time and Cu 
concentration, both DR and CA on sphalerite rapidly increased, reaching constant values after a 
long time, while those on pyrite remained unchanged. The change in CA was successfully modelled 
by considering a second-order rate process for Cu-activation which was proportional to initial 
copper concentration and available Zn active sites on the sphalerite surface. If both sphalerite and 
pyrite were simultaneously exposed to Cu solutions (but not in physical contact), the activation rate 
of sphalerite significantly dropped with increasing the sphalerite:pyrite surface area ratio from 1:3 
to 1:6. Cryo-XPS results for the mixed minerals Cu-activation showed a reduction in sphalerite 
Cu/Zn exchange and polysulphide/Cu ratios with increasing available pyrite surface area in Cu 
solutions.  
Kinetic studies of Amyl Xanthate (AX) adsorption on single and mixed sphalerite and pyrite 
activated by Cu with different ratios were also evaluated by HSVM and Cryo-XPS. AX adsorption 
rate exhibited higher value on the activated sphalerite than on the activated pyrite. Modeling AX 
adsorption rate on un-activated and activated minerals by the second order rate equation revealed 
the dependence of the adsorption rate on the initial AX concentration and the available active sites 
on the minerals surfaces. For the two mineral system, Cu-activation and AX treatment results 
showed a high drop in the adsorption rate of AX on the activated sphalerite with increasing the 
sphalerite to pyrite surface area ratio from 1:1 to 1:6. Cu-xanthate complex formation on the Cu-
activated sphalerite and dixanthogen as a dominant surface component on the Cu-activated pyrite 
after treatment with AX were confirmed by Cryo-XPS. 
It is envisaged that the outcomes of this work will contribute to a better understanding of the 
mechanisms and parameters responsible for the high amount of copper sulphate consumption in 
sphalerite activation, saving millions of dollars for the mining industry by using less copper 
sulphate. 
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1.1 BACKGROUND TO THE RESEARCH 
Sphalerite Cu-activation in xanthate-based flotation is a well-known phenomenon, and the 
amount of copper sulphate required varies based on the ore characterisation (Boulton et al., 2003; 
Dávila-Pulido et al., 2012; Deng et al., 2013b; Kartio et al., 1998; Prestidge et al., 1997; Ralston 
and Healy, 1980a, b; Wang et al., 2013; Zhuo and Roe-Hoan, 2000). The typical amount of copper 
sulphate used in zinc processing plants is around 1 to 1.2 kg per tonne (Natarajan and Nirdosh, 
2006). Let us consider the Australia scenario in the production or processing of zinc minerals. 
Australia produces about 130,000 tonnes of zinc concentrate per month. If we consider an average 
ore concentration of about 10–15 % zinc minerals, the total amount of zinc ore to be handled would 
be about 1,300,000 tonnes per month. Calculation based on an approximate consumption of 1 kg of 
copper sulphate per tonne of ore to activate the zinc shows that the Australian mineral industry on 
an average consumes about 1300 tonnes of copper sulphate per month. Thus, the money spent on 
copper sulphate (@$2.80/ kg) is around 3.7 million dollars per month. On the other hand, the 
processing mill not only has to spend a lot of money on copper sulphate, which is the most 
expensive auxiliary chemical in the flotation circuit, but also ends up producing toxic wastes. 
Despite the adding toxicity to the effluents, copper sulphate as a very corrosive chemical also 
reduces the equipment life due to oxidation of more reactive metals, e.g., Zn, Fe, Al etc. 
Therefore, the high amount of copper sulphate consumption is a big challenge for zinc 
processing plants, and the parameters that lead to a large amount of copper sulphate usage for 
sphalerite activation is not totally understood. Alternatively, sphalerite is not the only sulphide 
mineral whose flotation behaviour can be affected by the presence of Cu ions in solution. The 
possibility of inadvertent Cu-activation of pyrite (FeS2) (Boulton et al., 2003; Dichmann and Finch, 
2001; Zhang et al., 1997) and its undesirable flotation could be one factor accounting for the high 
amount of copper sulphate consumption. Zinc processing plant observations from McArthur River 
Mine have revealed that, in case of the reduction of the separation efficiency, copper sulphate 
concentration should be increased to obtain a high grade of zinc in concentration and the recovery 
of zinc can be retrieved by increasing collector concentration in which a theoretical explanation for 
this phenomenon has not been released yet. 
As discussed, high copper sulphate consumption is a significant concern in zinc sulphate 
flotation. However, despite comprehensive studies on the Cu-activation of sphalerite, there is a 
relative paucity of fundamental studies on Cu-activation of sphalerite and pyrite mechanism and 
Chapter 1: Introduction 
 
 
2 
 
surface products of the activation on the minerals. There are also few investigations which address 
the effect of dissolved ions on the sphalerite Cu-activation that can reduce the efficiency of the 
activation. Collectors’ adsorption behaviour on these minerals after Cu-activation could play a 
critical role in flotation performance that is not investigated systematically. 
1.2 RESEARCH AIMS AND OBJECTIVES 
The overall purpose of this research project is to study the effect of parameters that affect Cu-
activation of sphalerite. Specifically, this thesis aims to: 
i. Characterise sphalerite and pyrite Cu-activation using Cryo-XPS and zeta potential 
measurements; 
ii. Identify the depression mechanisms affecting Cu-activated sphalerite in the presence of 
calcium, magnesium and sulphate ions by sessile drop contact angle, Cryo-XPS, and zeta 
potential measurements; 
iii. Establish the effect of pyrite on Cu-activation of sphalerite kinetics using Cryo-XPS and 
novel in-situ method of High-Speed Video Microscopy (HSVM)) to monitor air bubble-
mineral interaction; and 
iv. Investigate surface products of amyl xanthate (AX) interaction with Cu-activated sphalerite 
and pyrite by Cryo-XPS and the effect of available surface area of pyrite on AX adsorption 
rate on the activated sphalerite using HSVM. 
1.3 HYPOTHESES 
After determining the investigative methodology and selection of suitable analytical methods, 
the following hypotheses were developed to achieve the research aims and objectives: 
 
i. Different surface products are formed on sphalerite and pyrite after Cu-activation; 
ii. Calcium, magnesium and sulphate ions have a detrimental effect on the Cu-activation of 
sphalerite; and 
iii. The presence of high amount of pyrite in mixed sphalerite:pyrite Cu-activation could affect 
the sphalerite activation kinetics. 
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There would be a competitive adsorption of the collector on Cu-activated sphalerite and pyrite that 
leads to a poor separation between the two minerals. 
1.4 STATEMENT OF ORIGINALITY 
This thesis has not been submitted for a degree in any university and does not contain material 
published by another person. The original contributions of this thesis are outlined briefly below: 
 High-resolution Cryo-XPS and depth profiling technique were applied, for the first time, to 
probe the surface states of identified elements before and after copper activation of 
sphalerite and pyrite. The surface layer compositions of the minerals after copper activation 
were further analysed by zeta potential measurements. The study, by employing a 
combination of Cryo-XPS and zeta potential techniques, provided new insights into the 
copper activation mechanism and surface products of sphalerite and pyrite. 
 Fundamental interactions of sphalerite with copper, calcium, magnesium and sulphate ions 
were investigated using sessile drop contact angle, XPS, and zeta potential measurements. 
The outcome shed light on understanding the effect of dissolved ions that result from the use 
of recycling water, the presence of semi-soluble minerals and from the superficial oxidation 
of sulphide minerals on the copper activation of sphalerite in flotation practice where such 
ions often occur in significant concentrations. 
 Comparative studies into the Cu adsorption kinetics of mixed sphalerite and pyrite showed 
these possible competition between sphalerite and pyrite for Cu. This research focuses on 
this probable competitionCu-activation, using the in-situ novel method of HSVM, for the 
first time, and Cryo-XPS techniques to monitor hydrophobicity as well as surface 
components of sphalerite after Cu-activation in the presence of pyrite with different surface 
areas and attachment kinetics. It aimed to gain a better understanding of the effect of pyrite 
on the Cu-activation kinetics of sphalerite and the selective flotation of sphalerite. 
A novel technique for in-situ studies of drainage of liquid films and attachment, used in 
conjunction with Cryo-XPS method, was applied to investigate and compare the adsorption rate of 
amyl xanthate on single and combined sphalerite and pyrite minerals activated by CuSO4. This 
study provided a better understanding of the effect of pyrite on xanthate adsorption rate of Cu-
activated sphalerite. 
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1.5 STRUCTURE OF THE THESIS 
This thesis has been structured following the format of chapters composed of published or 
submitted papers. Chapter 1 presents the background to the research, aims and hypotheses, 
statement of originality and structure of the thesis. Chapter 2 presents a review of the Cu-activation 
mechanism of sphalerite and key factors affecting the activation process. Chapters 3 to 6 are the 
candidate’s own research papers. Chapter 3 presents an inclusive and systematic characterisation of 
sphalerite and pyrite Cu-activation (Majid Ejtemaei and Anh V. Nguyen, Characterisation of 
sphalerite and pyrite activated by copper sulphate, Accepted in Minerals Engineering, October 
2016). Chapter 4 deals with the effect of dissolved ions on the activation process (Majid Ejtemaei, 
Chris Plackowski, and Anh V. Nguyen, The effect of calcium, magnesium, and sulphate ions on the 
surface properties of Cu-activated sphalerite, Minerals Engineering, 2014, 89 42–51). Chapter 5 
focuses on applying a novel in-situ method to study the effect of available pyrite surface area on 
sphalerite Cu-activation rate (Majid Ejtemaei and Anh V. Nguyen, A Comparative Study of the 
Attachment of Air Bubbles onto Sphalerite and Pyrite Surfaces Activated by Copper Sulphate, 
Submitted to Minerals Engineering, 2016). Chapter 6 employs the novel methodology proposed in 
the previous chapter to investigate collector adsorption rate on Cu-activated sphalerite and the effect 
of available pyrite surface area on the collector adsorption rate (Majid Ejtemaei and Anh V. 
Nguyen, Kinetic Studies of Amyl Xanthate Adsorption and Bubble Attachment to Cu-Activated 
Sphalerite and Pyrite Surfaces, Submitted to Minerals Engineering, 2016). Chapter 7 comprises the 
concluding chapter and includes recommendations for future research.  
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2.1 ABSTRACT 
This review critically analyses the specific surface reactions attributed to Cu adsorption onto 
sphalerite and the effect of the co-existence of sphalerite and pyrite (FeS2). Cu-activation, involving 
the surface adsorption of Cu species from solution onto mineral surfaces to activate the surface for 
hydrophobic collector attachment, is a major step in the flotation of sphalerite and its selective 
separation from pyrite. Due to the complexity of metal sulphide mineral containing systems, this 
activation process and the emergence of activation products on the mineral surfaces are not entirely 
understood for most sulphide minerals, especially pyrite, even after decades of research. Factors 
such as Cu concentration, activation time, pH, process water quality and surface contaminants, pulp 
potential and galvanic interactions are important factors affecting Cu-activation of sphalerite. Good 
process water quality with low concentrations of contaminant ions is needed to improve sphalerite 
Cu-activation process. Selectivity can further be increased and reagent use minimised by carefully 
choosing selective pyrite depressants to minimise the Cu consumption by pyrite. Studies that mimic 
plant conditions, especially co-existence of sphalerite and pyrite during the activation, are essential 
for the development of better separation practices and procedures. Improved experimental 
approaches and surface sensitive techniques, such as Cryo-XPS, are needed to precisely verify 
surface structures formed after Cu-activation. Kinetic studies of Cu-activation and succeeding 
collector adsorption are also essential to understand the activation process and cope better with high 
copper sulphate consumption. 
 
Keywords: Flotation, sphalerite, Cu-activation, collector, kinetics, pyrite 
2.2 INTRODUCTION 
Sphalerite (ZnS) is one of the largest source of zinc. This mineral usually occurs in 
association with iron sulphide minerals, in particular pyrite. The recovery of zinc from economic 
ore deposits usually includes selective flotation with thiol collectors. The standard approach taken is 
to selectively activate sphalerite with metals, especially copper, and float it away from iron 
sulphides, pyrite. 
It is acknowledged that un-activated sphalerite does not respond well to flotation using short-
chain thiol collectors due to the high solubility of zinc thiol complexes in water (Popov and 
Vucinic, 1990a). On the other hand, sphalerite is naturally an insulator with a band gap of 3.5 eV 
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(Kartio et al., 1998). This high band gap of sphalerite results in a lower electron transfer ability to 
undergo electrochemical interaction with thiol collectors. Activation by Cu(II) results in the 
formation of a CuS-type conducting layer (with the band gap as low as 1.1 eV) on sphalerite 
surfaces.The reduced band gap aids in electron transfer reactions and allows the thiol collectors to 
form an insoluble collector complex on the sphalerite surface through mixed potential 
electrochemical reactions (Buckley et al., 1989; Kartio et al., 1998). 
 It is well established that Cu(II) exchange with those of Zn(II) (ion exchange mechanism) 
during Cu-activation of sphalerite (Gerson et al., 1999). However, the identity of the resulting 
copper-containing surface phase is still the subject of debate. Cases have been argued for the 
formation of covellite (CuS) (Cecile 1985; Finkelstein and Allison, 1976) and chalcocite (Cu2S) 
(Nefedov et al., 1980; Perry et al., 1984). Some researchers (Chen and Yoon, 2000; Gu et al., 2000; 
Zhuo and Roe-Hoan, 2000) have realised that after the first stage of ion exchange reaction between 
Cu(II) and Zn(II) an electrochemical interaction may be involved in the activation. This 
phenomenon is used as an aid in the flotation of this mineral, but inadvertent activation must be 
taken into account in the selective separation of sphalerite from other sulphide minerals, especially 
pyrite. 
Pyrite can also be activated when Cu ions is present in the slurry. In this case, inadvertent 
pyrite flotation can result, either during flotation of copper bearing minerals/ores due to partial 
dissolution (Lascelles and Finch, 2002) or during flotation of Cu-activated sphalerite particularly 
when the concentration of sphalerite in the slurry is low (Zhang et al., 1997). It was proposed that 
secondary copper bearing ores such as chalcocite, covellite and bornite pose a greater risk of 
inadvertent pyrite Cu-activation and flotation compared to chalcopyrite, based on the high galvanic 
interaction between pyrite and chalcopyrite (Lascelles and Finch, 2002; Wong et al., 2002). In Cu-
activation of pyrite, it was anticipated that Fe(II) be replaced by Cu(II), resulting in the production 
of covellite and elemental sulphur on pyrite surfaces (Weisener and Gerson, 2000a). Later, it was 
identified that Cu(II) is adsorbed quickly onto reactive surface sulphur sites and is considered to be 
a fast one-step process (Boulton et al., 2003; Weisener and Gerson, 2000a, b). 
A review of the proposed Cu-activation mechanism and surface products of sphalerite, as 
acknowledged by various fundamental studies and the key factors affecting the activation of single 
sphalerite and mixed sphalerite:pyrite, are presented here. Particular attention is given to the role of 
dissolved ions in the process water and the presence of pyrite during sphalerite Cu-activation. 
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2.3 WORLD ZINC PRODUCTION 
Zinc is currently the fourth most widely consumed metal in the world after iron, aluminium, 
and copper. It has strong anticorrosive properties and bonds well with other metals. Consequently, 
about one-half of the zinc is used in galvanising, which is the process of adding thin layers of zinc 
to iron or steel to prevent rusting. Another biggest uses of zinc is in making protective coatings for 
steel. The development of the wide range of zinc coatings arose from two happy accidents of 
chemistry, the relatively slow and predictable rate of atmospheric corrosion of zinc compared with 
steel, and the relative positions of zinc and iron in the electrochemical series. Zinc corrodes 
preferentially to give cathodic protection to iron when both are in contact in an aqueous medium. 
This is used to good effect to protect immersed structures such as ships’ hulls, drilling rigs and 
pipelines (Wall, 1998). 
The next leading use of zinc is as an alloy; zinc is combined with copper (to form brass) and 
with other metals to form materials that are used in automobiles, electrical components, and 
household fixtures. A third significant use of zinc is in the production of zinc oxide (the most 
important zinc chemical by production volume, which is used in rubber manufacturing and as a 
protective skin ointment.  
Zinc is also important for health. It is a necessary element for the proper growth and 
development of humans, animals, and plants. The adult human body contains between 2 and 3 
grams of zinc, which is the amount needed for the body's enzymes and immune system to function 
properly. It is also important for taste, smell, and to heal wounds. Trace amounts of zinc occur in 
many foods, such as oysters, beef, and peanuts.  
The International Lead and Zinc Study Group (ILZSG) and U.S. Geological Survey have 
released annual data for world zinc mine production, metal production, metal usage, and world zinc 
reserves (Table 2.1; Table 2.2; Table 2.3). 
Table 2.1 Annual data for world zinc mine production, metal production and metal usage from 2011 
to 2015 (000 tonnes) 
 2011 2012 2013 2014 2015 
Mine Production 12585 12901 13060 13522 13465 
Metal Production 13058 12619 13017 13498 13897 
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Metal Usage 12726 12387 13170 13745 13745 
The International Lead and Zinc Study Group (ILZSG), REVIEW OF TRENDS IN 2013 ZINC, 17 February 2015 
Table 2.2 Annual data for world zinc mine production in different countries (000 tonnes) 
Mine Production 2009 2010 2011 2012 2013 2014 2015 
China 3324 3700 4050 4540 4700 4930 4900 
Australia 1267 1458 1472 1533 1445 1560 1580 
Peru 1509 1470 1256 1281 1344 1320 1370 
India 695 740 796 758 850 706 830 
United States 736 751 769 739 788 832 850 
Mexico 490 570 632 660 637 660 660 
Kazakhstan 442 459 462 425 428 345 340 
Other Countries 1442 1543 1551 1537 1614 1860 1870 
World Total 11623 12390 12666 13149 13286 13300 13400 
The International Lead and Zinc Study Group (ILZSG), Review of Trends in 2015, January 2016 
Table 2.3 World zinc reserves (000 tonnes) 
 Australia China Peru Mexico U.S.A. Kazakhstan Canada Bolivia Other  
Reserves 63,000 38,000  25,000 15,000 11,000 4,000 6,200 4,600 26,000 
U.S. Geological Survey, Mineral Commodity Summaries, January 2016  
2.4 FLOTATION OF LEAD-ZINC ORES 
Because of the different types and varieties of lead–zinc ores scattered throughout the world, 
their flotation properties vary significantly, not only from one ore deposit to another but also within 
deposits (Table 2.4). 
Sequential galena-sphalerite flotation is used for the processing of these ores. The most 
prominent characteristic of these ores is that galena does not float without the presence of cyanide. 
In most cases, NaCN–ZnSO4 depressant system is used with xanthate collector. Depressant ZnSO4 
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is usually added to the primary grind with a portion of the collector, while the NaCN is added to the 
cleaners only. Collectors are added to the secondary grind in the lead circuit . 
The copper sulfate as a activator of sphalerite and collector were normally added to the zinc 
conditioners. It is believed that using a mixture of xanthate and dithiophosphate in the zinc circuit 
improved the flotability of sphalerite. In flotation of ore containing marmatite the consumption of 
activator (CuSO4) is much higher than that normally used for flotation of low iron sphalerite. 
Surveys from about 30 operating plants that treat varieties of sphalerite have indicated that the 
consumption of CuSO4 required to activate sphalerite is proportional to the amount of iron present 
in the sphalerite (Bulatovic, 2007) . 
Table 2.4 Reagent schemes used in the major lead–zinc plants treating lead–zinc ores (Bulatovic, 
2007). 
Concentrator Reagent type, additions pH 
Lead circuit (g/t) Zinc circuit (g/t) Pb Zn 
New Jersey Zinc, USA - CuSO4=600 
AF211=48 
AF65=25 
- 9.5 
Pend Orielle, USA NaCN=20 
ZnSO4=100 
Na2SiO3=300 
R242=15 
PAX=10 
MIBC=8 
CaO=200 
CuSO4=350 
Na2SiO3=200 
PAX=25 
8.5 10.0 
Buick, USA ZnSO4=600 
PAX=30 
NaCN=4 
MIBC=6 
CuSO4=60 
PAX=10 
MIBC=25 
8.5 8.5 
Fletcher, USA ZnSO4= 725 
NaCN=4 
PAX=36 
MIBC=8 
CuSO4=95 
R3477=5 
MIBC=3 
9 9.2 
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West Fork, USA ZnSO4=920 
NaCN=4 
SIPX=36 
AF70=9 
CuSO4=270 
SIPX/3477 (1:1)=6 
AF70=9 
9.1 9.0 
Sweetwater, USA 
 
ZnSO4=900 
NaCN=5 
SIPX=35 
MIBC=8 
CuSO4=180 
SIPX/3477(1:1)=8 
AF70=10 
9.2 9.1 
Polaris, Canada ZnSO4=600 
SIPX=40 
MIBC=7 
CuSO4=300 
SIPX=25 
Dow250=16 
8.8 8.9 
Newfoundland Zinc, 
Canada 
 
ZnSO4=600 
NaCN=10 
PAX=20 
R242=7 
CuSO4=500 
PAX=6 
DF250=1 
9.4 9.1 
Gays River, Canada ZnSO4=150 
NaCN=5 
Na2SiO3=150 
PAX=10 
R242=10 
CuSO4=200 
SIPX=15 
Dow 1012=10 
9.1 9.3 
 
2.5 COPPER ACTIVATION OF SPHALERITE 
2.5.1 MECHANISMS 
As Cu(II) activation of sphalerite is governed by solution pH, the adsorption mechanism is 
discussed in weakly acidic and alkaline media. 
2.5.1.1 ACTIVATION IN WEAKLY ACIDIC MEDIA 
The following chemical exchange reaction has been accepted for sphalerite activation in a 
weakly acidic medium: 
Cu
2+
aq + ZnS ↔ CuS + Zn
2+
aq                                                                                                                                                                2.1 
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K = [Zn
2+
]/[Cu
2+
] ~ 10
11 
                                                                                                                  2.2 
Based on the thermodynamics of the above equation, the substitution of Zn
2+
 from the 
sphalerite surface and Cu
2+
 from the solution should occur until [Zn
2+
]/[Cu
2+
] ~ 10
11
 is reached in 
solution. Some workers (Jain and Fuerstenau, 1985) reported that the exchange ratio was very close 
to one. Finkelstein and Allison (1976) proposed a two-step process, with the first step being given 
by Reaction 2.1 and the second being an oxidation/reduction reaction.  
At acid pH values up to pH=6.5, Cu
2+
 is clearly the dominant solution species, as can be seen 
from established hydrolysis behaviour in Figure 2.1 (Finkelstein and Allison, 1976; Pugh and Tjus, 
1987; Sillen and Martell, 1971; Wang et al., 1989b).  
 
Figure 2.1 Cu species distribution at different pH (Yang et al., 2016) 
Hydrolysis of zinc in water has been shown in Figure 2.2. As can be seen, Zn
2+
 is the stable 
ion in acidic media and Zn(OH)
+
 is the dominant species in weakly alkaline media. 
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Figure 2.2 Zn species distribution at different pH (Reichle et al., 1975) 
The overall Cu-acivation mechanism has been described in two steps by Ralston and Healy 
(1980b); 
Step I: Adsorption of Cu
2+
, the exchange between Zn
2+
 lattice and Cu
2+
 of the solution with 
formation of CuS on the ZnS surface, then desorption of Zn
2+
 to form Zn
2+
aq. 
Cu
2+
aq + ZnSs ↔ (Zn, Cu)Ss + Zn
2+
aq                                                                                               2.3 
Step II: Dissolution of ZnS to form Zn
2+
aq and S
2-
aq followed by precipitation of CuS on to the ZnS 
surface. 
Cu
2+
aq + 2ZnSs ↔ Cu
2+
aq + ZnSs + Zn
2+
aq + S
2-
aq ↔ ZnSs.CuSs + Zn
2+
aq                                          2.4 
Similar mechanistic steps were proposed by others (Finkelstein and Allison, 1976; Wang et 
al., 1989b). 
 
2.5.1.2 ACTIVATION IN NEUTRAL AND WEAKLY ALKALINE MEDIA 
At alkaline pH values, the activating species is predominantly solid Cu(OH)2 (Finkelstein, 
1997; Pugh and Tjus, 1987; Wang et al., 1989b). Activation is therefore unlike that under the acidic 
condition where the aqueous Cu
2+
 ions were the predominant species. 
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A three-step model (Wang et al., 1989b) was proposed to explain the mechanisms of 
sphalerite activation in neutral and weakly alkaline pH values: 
Step I: Surface Precipitation. Surface precipitation is the first step of the activation, i.e., the coating 
of copper hydroxide on the sphalerite surface: 
ZnSs + Cu
2+
aq + 2H2O ↔ ZnSs + Cu(OH)2surf + 2H
+
                                                                        2.5 
Step II: Surface Conversion. The coated copper hydroxide on the sphalerite surface is 
thermodynamically unstable. Therefore, diffusion of Cu(II) into the lattice and the replacement of 
the surface Zn by Cu will occur. The surface redox reactions and rearrangement of the lattice are 
conceivable, as suggested by Finkelstein and Allison (Finkelstein and Allison, 1976). 
Cu(OH)2.ads + ZnSsurf ↔ CuSsurf + Zn(OH)2.ads                                                                                 2.6 
2Cu(OH)2.ads + 2ZnSsurf ↔ Cu2Ssurf + 2Zn(OH)2.ads + S
0
surf                                                               2.7 
Step III: Desorption or Dissolution of Zn(OH)2surf. Adsorbed Zn(OH)2surf is desorbed from the 
surface to the solution with Zn(OH)
+
 formation (as it is the dominant species at weakly alkaline 
media, Figure 2.2). As a result of the OH
- 
formation, the solution pH will be increased.  
Zn(OH)2surf ↔ Zn(OH)
+
 + OH
-
                                                                                                2.8 
2.5.2 HYDROPHOBICITY OF CU-ACTIVATED SPJHALERITE 
It has been accepted that hydrophobicity of Cu-activated sphalerite increases due to the 
sulphur-rich species such as polysulphide and elemental sulphur formation (Davila-Pulido and 
Uribe-Salas, 2014; Dávila-Pulido et al., 2012; Fornasiero and Ralston, 2006; Meijiao Deng, 2013). 
Collectorless flotation of sulphide minerals has been suggested under proper condition (Ekmekci 
and Demirel, 1997; Fairthorne et al., 1997; Kelebek and Smith, 1985, 1989; Luttrell and Yoon, 
1984a, b; Yoon, 1981).  
Luttrell and Yoon (1984b) suggested that due to the thermodynamic instability of elemental 
sulphur in alkaline solution, polysulphide rather than elemental sulphur (Sº) causes the collectorless 
flotation of chaclcopyrite. Yoon (1981) suggested the collectorless flotation was possible with the 
addition of sodium sulphide (Na2S) to the pulp. The sulphide ions were thought to displace the 
hydrophilic surface oxidation products such as SO4
2-
, S2O3
2-
, etc., due to difference in the fresh, 
unoxidised sulphide surface. 
Few studies have been conducted (Fornasiero and Ralston, 2006; Khmeleva et al., 2005) on 
collectorless flotation of Cu-activated sphalerite. Fornasiero and Ralston proposed that sulfur-rich 
metal-deficient species such as polysulfide and elemental sulfur formation. However, in the pH 
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range 7 to 11, copper hydroxide started to precipitate on the sulphur-rich (polysulphide) surface and 
depressed sphalerite flotation. The oxidation of sulphide/polysulphide to sulphoxy species also 
contributed to the reduction in surface hydrophobicity. Negative effect of reducing condition on 
collectorless flotation of Cu-activated sphalerite has been proposed (Khmeleva et al., 2005). They 
suggested that sulphite ions react with the surface of Cu-activated sphalerite and subsequently 
decompose the hydrophobic sulphurlike species responsible for flotation. Probably, sulphite ions 
specifically interact with the reduced coordination sulphur atoms associated with Cu-activation and 
report into solution as a thiosulphate, which is then oxidised to sulphate 
It was shown that the collectorless floatability of sulphide minerals were directly linked to 
their oxidation as well as to the stability of the hydrophobic surface state which was produced. 
2.5.3 COPPER CONSUMPTION 
Typically copper concentration from 1×10
-4
 to 1×10
- 6
 M are used to conduct fundamental 
lab-based studies (Boulton et al., 2005; Fornasiero and Ralston, 2006; Popov and Vucinic, 1990b). 
A few studies have also reported using 250–3000 g/t of a copper containing activator typically as 
either nitrate or sulphate (Boulton et al., 2003; Duarte and Grano, 2007).  
Fornasiero and Ralston (2006) found that the increase in sphalerite flotation at a low copper 
concentration was due to the formation of a sulphur-rich surface, following copper adsorption (as 
Cu
2+
 or Cu(OH)2). At higher copper concentrations, above the solubility limit of Cu(OH)2 and in 
the pH range 7 to 11, copper hydroxide started to precipitate on the sulphur-rich (polysulphide) 
surface and depress sphalerite flotation. The thickness of this Cu(OH)2 layer improved with 
increasing copper concentration under mildly acidic conditions. They also came out with this 
conclusion that the effect of increasing copper concentration on flotation was not evident above pH 
12 where Cu(OH)3
−
 is the stable species (not Cu(OH)2 ppt) and below pH 5 where only Cu
2+
 is the 
stable copper species (Prestidge et al., 1997). 
High copper concentrations may also interact with xanthate collectors in the pulp preventing 
adsorption onto the activated sphalerite surfaces (Popov and Vucinic, 1990b). At high-Cu(II) ion 
concentrations, an apparent depressing effect on sphalerite flotation with ethyl xanthate was 
observed. The remaining copper ion species in the solution interacted with xanthate producing 
copper xanthate species. This made only decantation necessary before the xanthate addition for 
neutralisation of the observed depressant effect (Popov and Vucinic, 1990b). 
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2.5.4 COPPER DIFFUSION 
It is known that metals of IB group elements, like Cu, Ag or Au, are fast-diffusing impurities 
in all semiconductors in II-VI compounds, like ZnS. The diffusion of Cu into ZnS lattice supposed 
to be governed by interstitial and substitutional mechanisms (Bacaksiz et al., 2004; Desnica-
Frankovic et al., 1999; Lott et al., 2002). It is also known that, if there is an excess of Cu ions in 
solution, the ion exchange process has been reported to continue indefinitely (Finkelstein et al., 
1986; Gaudin, 1959) and it has been postulated that Cu ions can migrate through the surface and 
into the crystal lattice of the zinc sulphide. The migration process may occur by conventional 
diffusion or by diffusion along lattice defects (Finkelstein et al., 1986). 
Findings regarding copper diffusion are often conflicting. Ralston and Healy (1980a) 
postulated that at slightly acidic pH, Cu exchange from an adsorbed surface site to a zinc sulphide 
lattice site is the rate determining step of the activation process and occurs with a greater energy 
barrier than the successive movement of Cu ions between lattice sites. In addition to these indirect 
studies, a number of authors obtained direct evidence concerning the penetration of Cu ions into the 
sphalerite lattice. For example, X-ray Photoelectron Spectroscopy (XPS) studies by Buckley et al. 
(1989) showed qualitative evidence for copper ion penetration to some distance below the first 
surface layer. Furthermore, investigations on synthetic sphalerite at mildly acidic pH reported by 
Prestidge et al. (1994) showed that, with increased time between activation and collector addition, 
the amount of xanthate adsorbed decreased. They interpreted this as evidence that Cu migrates from 
the surface, fewer activating ions are available for xanthate uptake. On the other hand, Secondary 
Ion Mass Spectroscopy (SIMS) studies detected that copper penetration to depths of only 0.7 nm or 
2 sphalerite atomic planes that can be removed by etching 1.8 equivalent monolayers of adsorbed 
Cu ions (Gerson et al., 1999). 
Lascelles et al. (2001) used argon ion bombardment etching of the sample for 0, 5, 15, 30 and 
45 min to observe Cu concentration (%) as a function of depth to clarify the diffusion phenomenon 
by XPS measurements. Figure 2.3 shows the XPS depth profiling of sphalerite (no Cu) and Cu-
activated sphalerite for different conditioning times at pH 9.2. The results of polished and Cu-
activated sphalerite was in agreement with the work of Prestidge et al. (1994) showing that Cu ions 
penetrate several atomic layers below the surface of the mineral.  
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Figure 2.3 XPS depth profiling of sphalerite (no Cu) and Cu(II)-activated sphalerite for different 
conditioning times at pH 9.2 (Lascelles et al., 2001). 
2.5.5 ELECTROCHEMICAL ASPECTS OF COPPER ACTIVATION 
The electrochemical nature of the activation process was first taken into account by Maust 
and Richardson (1976) who suggested that, for a particular metal ion to be an activator, it must act 
as an electron acceptor by a reduction reaction as follow; 
M
n+
 + e → M(n-1)+                                                                                                                             2.9 
As a result of the activation, sphalerite becomes a p-type semiconductor at the surface, and its band 
gap is reduced enough to host mixed potential reactions (Buckley et al., 1989). 
The potential dependence of the activation process has been observed by other researchers 
long before the electrochemical studies had been conducted. Bushell et al. (1961) found that copper 
uptake was lower in the presence of oxygen in the solution. Ralston and Healy (1980a) remarked 
that the Cu/Zn ratio decreased significantly when oxygen is present in the solution. Very slow Cu-
activation in air saturated solution was reported by Wang et al. (1989a). The XPS results obtained 
by Kartio et al. (1996) showed that copper uptake by sphalerite was higher in deoxygenated Cu 
solution as compared to the case of activation in air-saturated solutions. 
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Electrochemical studies by Chen (1999) suggested that activation in reducing conditions can 
significantly raise the Cu-uptake. The increased Cu uptake may involve a reduction of the form: 
CuS(surface) + xCu
2+
 + 2xe
-
 ↔ Cu1+xS                                                                                               2.10 
The electrochemical mechanism of Cu-activation of sphalerite was also studied by Gu et al. (2000). 
They identified a peak in the anodic scan that linked it to the following two reactions: 
Cu2S +H2S ↔ 2CuS + 2H
+
 + 2e
-
                                                                                                     2.11
 
CuS + H2S ↔ S-CuS + 2H
+
 + 2e
- 
                                                                                                   2.12 
This showed that Cu2S and CuS might exist on the electrode surface. According to the analyses of 
the cyclic voltammogram results, it was determined that, when the working potential is lower than 
the rest potential of CuS, the active products will absorb more Cu ions from the solution to form 
high Cu/S ratio compounds. 
αCuxSx + yCu
2+
 +2ye
-
 ↔ Cux + ySx                                                                                               2.13 
When the working potential is higher than the rest potential of CuS, sulphide will partly lose 
elemental Cu to form a low Cu/S ratio compound. 
CuxSx ↔ Cux-2Sx + yCu
2+
 + 2ye
- 
                                                                                                    2.14 
2.5.6 KINETICS 
There is a general agreement that the Cu-activation of sphalerite occurs in two stages (Gerson 
et al., 1999; Ralston and Healy, 1980a; Wang et al., 1989b). The first stage is very rapid with a few 
monolayer formation and is clearly related to the properties of the Cu-containing solution. The 
second stage is very slow, and a steadily decreasing rate continues as long as the mineral and the 
solution are in contact (Ralston and Healy, 1980a, b). 
Ralston and Healy (Ralston and Healy, 1980a, b) conducted a detailed study of the activation 
kinetics of sphalerite by Cu(II), Cd(II) and Pb(II) with the corresponding ion-selective electrodes. 
At pH values ranging from 4 to 6.5, they found that Cu(II) uptake showed a clear linear dependence 
on log10(time) for the initial, rapid activation step (0 to about 1.5 minutes),  
A=k logt + constant                                                                                                                        2.15 
After the initial activation step, there was a change in gradient with Cu(II) uptake and, after 15 
mins, the process gradually became independent of time. In this stage, Cu(II) uptake data adhered 
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fairly closely to the logarithmic dependence on time in the interval 1.5 to 15 minutes i.e. Γ = 
k2log10t + constant.  After 15 minutes, Cu(II) uptake either became independent of time and 
increased very slowly up to 120 minutes. In this period from 15 to 120 minutes, there was, no 
apparently and well-defined rate equation (Ralston and Healy, 1980a). 
At an initial pH of 7.2, the Cu(II) uptake behaviour was similar to that found at acid pH 
values, the logarithmic behaviour. However, the magnitude of Cu (II) uptake was greater. In the 
initial step (i.e. 0 to 1.5 min) and the second step (i.e. 1.5-15 min), logarithmic dependence on time 
was observed with different magnitudes of rate constant. After 15 minutes, Cu(II) uptake became 
virtually independent of time. At more alkaline pH values, hydrolysis of Cu(II) became much more 
pronounced and the Cu(II) electrode was useful only as a qualitative probe, responding to changes 
in the slight concentration of Cu(II) present. At this stage, it was not possible to develop a 
quantitative rate law for the Cu(II)-ZnS activation reaction at alkaline pH values (Ralston and 
Healy, 1980b). 
Bazanova and Mitrofanov (1961) showed that the rate of the first stage of the activation was 
strongly dependent on the acidity of the solution. The adsorption of Cu(II) on sphalerite showed a 
maximum at pH 5.7 and a shallow minimum at pH 9.0.  
Jain and Fuerstenau (1985) followed the adsorption of Cu(II) on sphalerite under acidic 
conditions over 64 h, during which up to 19 monolayers were adsorbed. In the first stage, which 
was defined as lasting up to 15 min, about three monolayers were adsorbed, and the rate followed a 
direct logarithmic law. Because the rate depended on agitation, it was concluded that diffusion in 
the solution phase was rate-determining. They also observed that the second stage followed 
parabolic kinetics as long as the reaction was monitored (64 h): 
A=k√t + constant                                                                                                                           2. 16 
Pugh and Tjus (1987) studied Cu(II) uptake kinetics by measuring zeta potential of the 
sphalerite surface as a function of ageing time. They found that the coating was depleted over a 
period. This was as reflected by the reduction in positive zeta potential, and the surface would be 
eventually converted into copper sulphide. The decline in the zeta potential was found to be a linear 
function of the square root of time (parabolic kinetics) and a function of the ratio of Cu(II) 
concentration to the total surface area of sphalerite. 
Wang et al., (1989b) also investigated sphalerite activation with Cu(II) ions in acidic and 
neutral pH media. Their results were in good correlation with the findings of Jain and Fuerstenau 
Chapter 2: Literature review 
 
 
20 
 
(1985). It had been concluded that the parabolic stage (second stage) started after about 5 min, 
whereas the rate of the second stage was unaffected by the pH value of the solution, that of the first 
increased when the pH was raised from 5 to 6. 
Chen et al. (1999) used electrochemical methods to study Cu(II) uptake kinetics based on the 
idea that one monolayer of Cu on the electrode increases the current approximately 20 µA in the 
anodic peak of the voltammogram. They found that the activation kinetics in acidic and near neutral 
pH had two stages: a rapid first stage lasting up to 10 minutes, followed by a slow second stage that 
eventually reached saturation. At acidic pH, the Cu uptake increased with an activation time and 
reached saturation, characterised by about five monolayers of Cu, after about 30 minutes. This 
observation is close to that reported by Jain and Fuestenau (Jain and Fuerstenau, 1985), who 
followed the adsorption of Cu(II) on sphalerite under acidic conditions over 64 hours, and found 
that during the first 15 minutes about three monolayers were adsorbed. 
Under neutral pH conditions, the Cu uptake was very fast in the first 10 minutes and then 
reached saturation, which was equivalent to about 2.5 monolayers of Cu. The kinetics of Cu uptake 
in the initial activation stage was as fast as that at acidic pH. The kinetics of activation was much 
slower in alkaline solutions and did not reach a plateau even after 50 minutes of activation. After 10 
minutes activation, the Cu uptake was less than a monolayer. 
Dávila-Pulido et al., (2012) studied the kinetics of sphalerite activation with Cu(II) using 
contact angle technique. They found that the activation kinetics appeared to obey the second order 
model reported by Finkelstein (1997), which states that the rate of adsorption (i.e. 
hydrophobization) depends on both Cu concentration in the solution and availability of zinc sites on 
the external layers of the mineral lattice. 
 
2.5.7 EFFECT OF IRON MINERALS ON ACTIVATION 
Effect of iron minerals can be considered in two categories; first: iron content in sphalerite 
lattice and second: the presence of iron minerals, especially pyrite, during sphalerite Cu-activation 
but not in physical contact.   
Studies on the effect of iron content in sphalerite on Cu-activation and subsequent collector 
adsorption have produced conflicting results. Drops in the efficiency of Cu-activation and flotation 
recovery of sphalerite owing to high Fe content have been noticed (Boulton et al., 2005; Bushell et 
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al., 1961; Pomianowski et al., 1975; Solecki et al., 1979); whereas others have detected greater Cu-
activation with growing Fe content in the sphalerite lattice (Harmer et al., 2008; Mukherjee and 
Sen, 1976; Nefedov et al., 1980). 
Results by Bushell et al. (1961) obtained using sphalerite with oxidised surfaces suggested 
that Cu adsorption was increased with iron content in the absence of oxygen. However, the presence 
of oxygen decreased Cu adsorption.They explained their results by a hypothesis involving the 
formation of a layer of sparingly soluble ferric compounds on the mineral surface, which hinders 
the occurrence of exchange reactions between Cu and Zn. Solecki et al. (1979) found that 
adsorption of Cu ions decreases when the iron content rises to about 10% and then the adsorption 
changes only slightly with iron content. For sphalerite with oxidised surfaces, a small decrease in 
adsorption was observed. Similar affiliations were detected by Boulton et al. (2005) who showed 
that the presence of iron in the sphalerite lattice at alkaline pH has a detrimental effect on the 
flotation of sphalerite because Cu-activation is reduced which, in turn, results in a reduction of 
xanthate adsorption. They also found that the coarser particles are more affected than the fines by 
the presence of iron in sphalerite and by the excess addition of copper sulphate, which could be 
because of the low collision efficiency of fine particles with air bubbles.  
In contrast, Mukherjee and Sen (1976) investigated the flotability of un-activated sphalerite 
about its iron content and found that samples with high iron content showed a higher flotability than 
samples with low iron content in the pH range 3-7. They considered that a high-iron sample would 
catalyse to a greater extent the oxidation of xanthate ions and the resultant dixanthogen would then 
form a stable adsorption layer on the mineral surface. Similarly, Harmer et al. (2008) used a 
combination of surface chemistry by XPS and surface morphology by Atomic Force Microscopy 
(AFM) and observed at pH 5 that there was a trend of improved Cu-activation with higher Fe 
content sphalerite. 
Mixed sphalerite:pyrite Cu-activation has also been studied by some researchers (Boulton et 
al., 2003; Dichmann and Finch, 2001; Zhang et al., 1997). The mixed minerals ratio of 1:1 was 
applied by Zhang et al. (1997) and Dichmann and Finch (2001). Their results showed that the 
presence of sphalerite along with pyrite during Cu-activation depresses pyrite flotability. This 
reduced flotability suggested a competition first for Cu then xanthate which favours sphalerite over 
pyrite. This phenomenon is present under plant conditions. Boulton et al. (2003) took 1:4 
sphalerite:pyrite mixed ratio to mimic more closely a real ore system (Figure 2.4). They showed a 
better separation between the minerals in high CuSO4 concentration. The improved flotation of 
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sphalerite results from an increased amount of Cu on its surface, while the reduced pyrite flotation 
can be attributed to competitive collector adsorption between the two minerals, provided the 
collector concentration was low. It seems that there would be competitive Cu and xanthate 
adsorption between the two minerals. However, they did not conduct fundamental studies to 
propose a theoretical explanation for their findings. 
 
Figure 2.4 Effect of copper sulphate concentration on sphalerite and pyrite recoveries at flotation 
times of 0.5, 2, 4, and 8 min and pH 11.0 (100 g/t KIBX) (Boulton et al., 2003). 
2.5.8 EFFECT OF PROCESS WATER CHEMISTRY ON ACTIVATION 
Water resources management has become an increasingly significant concern in the world due 
to the water scarcity and close affinity to the quality of human life and the environment. In mineral 
processing plants, the process water is recycled from the tailings dams, thickener overflows, 
dewatering and filtration units. Typical contaminants in the recycle water are colloid materials 
(silicates, clays, precipitated metal hydroxides, etc.), ions of base metals, chloride, magnesium, 
calcium, sodium, potassium, thio salts, sulphide, sulphite, and sulphate (Bicak et al., 2012). High 
levels of salinity containing calcium, magnesium and iron salts can be found in water supplies from 
sea or bores (Levay et al., 2001). An example of such process water characteristics McArthur River 
mine flotation circuit is given in Table 2.5. 
Chapter 2: Literature review 
 
 
23 
 
Table 2.5 Process water characteristics of McArthur River mine flotation circuit at neutral pH 
 mg/l mM 
SO4
2- 
5000 50 
Pb
2+ 
8 0.038 
Zn
2+ 
100 0.15 
Fe
2+
 50 0.9 
Ca
2+ 
600 15 
Mg
2+ 
700 27 
 
2.5.8.1 EFFECT OF DISSOLVED IRON IONS ON ACTIVATION 
In sulphide mineral flotation plants, iron is probably the most common contaminant in the 
mill water. It is derived from oxidation of grinding media and iron-containing sulphide minerals and 
probably accumulates in those plants practising water recycling (Zhang et al., 1992). Dissolved iron 
substitutes for zinc atoms in the sphalerite lattice, thus reducing the number of zinc atoms available 
for exchange with Cu (Boulton et al., 2005).   
An electrostatic mechanism was proposed, namely adsorption of an iron hydroxy species to 
create a positive surface which promoted interaction with the anionic xanthate to form hydrophobic 
products as ferric hydroxyl xanthates (Zhang et al., 1992). They established that sphalerite iron 
activation and consequence xanthate adsorption is feasible in the presence of ferrous not ferric ions 
and oxygen. The hydrophobicity of ferric hydroxyl xanthates is controversial. It has been suggested 
that ferric hydroxyl xanthates are weakly hydrophobic and possibly responsible for the flotation of 
pyrite at alkaline pH (Fornasiero and Ralston, 1992; Leja, 1982). Critehley and Hunter (1986) 
considered ferric hydroxyl xanthates not to be hydrophobic, and to be unimportant as a collector 
species. Others have suggested that the ferric hydroxyl xanthate, while weakly hydrophobic itself, 
could act as a contact site for adsorption of xanthate ions (Wang and Forssberg, 1991) and/or 
dixanthogen (Agar, 1989; Wang and Forssberg, 1991), the resulting species being strongly 
hydrophobic. 
2.5.8.2 EFFECT OF DISSOLVED ZINC IONS ON THE ACTIVATION 
Sphalerite Cu-activation reaction mentioned in Eq. 2.1 and the corresponding equilibrium 
constant stated in Eq. 2.2 pointed out that Zn/Cu exchange proceed until the Zn/Cu ratio reached to 
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10
11
. It means that dissolved Zn ions during grinding or the presence of high amount of Zn ions in 
the process water could lead to reach the equilibrium constant in a short time without having a 
complete Cu-activation. This idea is used in deactivation of Pb-activated sphalerite. Ralston and 
Healy (Ralston and Healy, 1980a, b) recognised activation of sphalerite by lead ions to the 
formation of an insoluble coating of lead sulphide on the mineral surface according to this reaction 
and reaction constant: 
ZnS + Pb
2+
 ↔ PbSsurf + Zn
2+  
                                                                                                          2.17 
K=[Zn
2+
]/[Pb
2+
]=10
1.5 
                                                                                                                    2. 18 
As can be seen from Eq. 2.18, Zn/Pb exchange continues until obtaining Zn/Cu ratio to 10
1.5
. 
This low equilibrium constant for Pb-activation of sphalerite means that the activation can be 
controlled by the addition of zinc salts. 
However, the equilibrium constant of sphalerite Cu-activation is 10
11
, and the concentration 
of Zn ions in the solution should be too high to reverse the activation shown in Eq. 2.1.  
2.5.8.3 EFFECT OF REDUCING AND OXIDISING AGENTS ON ACTIVATION 
Some researchers have pointed out the electrochemical nature of the second step of sphalerite 
Cu-activation. Therefore, the presence of reducing or oxidising would have a significant effect on 
the surface product resulting from Cu-activation and consequently its interaction with the collector. 
As mentioned, sulphites, as strong reducing agents, are main contaminants of recycled process 
water.  Sodium sulphite and similar sulfoxy species such as sodium bisulphite, metabisulphite or 
sulphur dioxide gas have also been used as depressants of sphalerite and pyrite in copper circuits in 
neutral pH conditions (Davila-Pulido and Uribe-Salas, 2014). The depressant effect of sulphites 
increases from copper sulphides to galena, pyrite, and sphalerite (Peres, 1979). However, it should 
be noted that after Cu-activation, sphalerite behaves more like a copper mineral about depression by 
sulphites. 
Several mechanisms have been put forward to explain the depression of the flotation of 
sphalerite by sulphites (Davila-Pulido and Uribe-Salas, 2014). They include the formation of a zinc 
sulphite hydrophilic layer at the mineral surface; the reduction of Cu-activation as a result of 
consumption of Cu in solution as copper sulphite; the decomposition of xanthate; the decrease in 
xanthate adsorption or the decomposition of dixanthogen following the EH decrease; and the 
consumption of dissolved oxygen. Sulphite ions are also known to react with polysulphide or 
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elemental sulphur and form thiosulphate ions (Li et al., 1995) where would also decrease surface 
hydrophobicity. 
Formation of hydrogen peroxide (H2O2), an oxidising agent stronger than oxygen, by sulphide 
minerals during grinding has been proven. It is found that pyrite (FeS2), chalcopyrite (CuFeS2), 
sphalerite ((Zn,Fe)S), and galena (PbS) generate H2O2 in pulp liquid during wet grinding in the 
presence or absence of dissolved oxygen. Pyrite generates more H2O2 than other sulphide minerals. 
The amount of H2O2 also increased with increasing sulphide mineral grinding time caused by 
increased surface area and its interaction with water (Javadi and Rao, 2013). Pyrite, as a common 
ferrous sulphide mineral, generates hydrogen peroxide (H2O2) and hydroxyl radicals (
•
OH), 
•
 
denotes an unpaired electron, (Borda et al., 2003) when placed in water. Superoxide anion (O2
•
)
-
 can 
be produced through the reaction between dissolved oxygen and Fe(II) of pyrite (reaction 2.19), 
which further interaction with Fe(II) forms H2O2 (Reaction 2.20) (Cohn et al., 2006). 
Fe
II
 (pyrite) + O2 → Fe
III
 (pyrite) + (O2
•
)
-
                                                                                      2.19 
Fe
II
 (pyrite) + (O2
•
)
- 
+ 2H
+
 → FeIII (pyrite) + H2O2                                                                        2.20 
Borda et al., (2003) showed that pyrite could also generate H2O2 in the absence of oxygen. He 
reported that an electron is extracted from water and a hydroxyl radical is formed (reaction 2.21). 
Linking two hydroxyl radicals results in the development of H2O2 (Reaction 2.22): 
Fe
III
 + H2O → 
•
OH + H
+
 + Fe
II
                                                                                                       2.21 
2
•OH → H2O2                                                                                                                                                                                                  2.22
 
The pH of water influenced the formation of hydrogen peroxide where high amounts are 
produced at highly acidic pH, decrease with increasing pH up to 8, and increases again above this 
pH (Javadi and Rao, 2013). Ilkumapayi et al. (2012) also confirmed H2O2 formation during wet 
grinding of pyrite. 
2.5.8.4 EFFECT OF CALCIUM-MAGNESIUM-SULPHATE IONS ON ACTIVATION 
Dissolution of calcium, magnesium and sulphate bearing minerals (e.g., calcite, dolomite, 
etc.) produce these ions which could have a detrimental effect on the separation performance. The 
presence of calcium can also be due to the use of calcium hydroxide as a pH regulator. 
It is identified that, under alkaline conditions, sulphide (S
2-
) is oxidised to polysulphide (Sn
2-
), 
thiosulphate (S2O3
2-
),  sulphite (SO3
2-
), and finally sulphate (SO4
2-
) which is the most stable 
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sulphoxy species (Ralston et al., 2007). When water is at metastable equilibrium, the sulphate 
concentration could be at the saturation condition. However, typical process waters have calcium 
concentrations in the order of 700 mg/L (Deng et al., 2013b; Girczys et al., 1972; Grano et al., 
1995; Sui et al., 2000; Sui et al., 1998). 
The depressant effect of Ca
2+
 ions on sphalerite has been demonstrated (Ikumapayi, 2010; 
Ikumapayi et al., 2012; Sui et al., 1998); it was revealed that Ca
2+
 ions adsorbed on the mineral 
increasing its superficial charge and significantly decreasing the number of available sites for Cu 
adsorption during the activation stage. Precipitation of gypsum, resulting from the high 
concentration of calcium and sulphate, decreases the flotability of sphalerite (Grano et al., 1995). 
Electrostatic interaction between Ca
2+
 ions and sphalerite has been demonstrated previously 
(Davila-Pulido and Uribe-Salas, 2014; Deng et al., 2013b; Duran et al., 1995; Ikumapayi, 2010; 
Moignard et al., 1977; Sui et al., 1998). Sui et al. (1998) showed an increase in the zeta potential of 
sphalerite in the presence of Ca or CaSO4 (Figure 2.5). They demonstrated that the effect on zeta 
potential is due to Ca
2+
 ions and not to the precipitates of CaSO4 and additionally attributed the 
increased zeta potential to the adsorption of Ca
2+
 or Ca-hydroxy species. However, Lascelles et al. 
(2003) showed that calcium and magnesium have no effect on the Cu uptake on sphalerite at acidic 
or neutral conditions but reduced Cu uptake under highly alkaline conditions when pH exceeded 
that for the formation of the corresponding hydroxide precipitate.  The zeta potential of sphalerite, 
as a function of pH in deionized water, process water and deionized water containing different Ca
2+
 
ion concentrations, has also been investigated by Ilkumpayi et al. (2010). They found that calcium 
ions exist as divalent cations below pH 11.5 and that calcium hydroxide (CaOH
+
) ions are the 
predominant species above. Also, their adsorption is seen to decrease the magnitude of negative 
surface charge and is responsible for charge reversal. 
Deng et al. (2013b) investigated the zeta potential distributions of sphalerite in 800 ppm 
calcium solutions in the presence of Cu and/or SIPX at pH 6.5. In 800 ppm calcium solutions, the 
zeta potential distribution of sphalerite shifts to a slightly less negative value of -12 mV in 
comparison with that in 10 mM KCl solution (-15 mV). Dávila-Pulido and Uribe-Salas (2014)  
found that the presence of either calcium or sulphate ions does not have a significant effect on 
hydrophobicity caused by Cu-activation of sphalerite. Nevertheless, the simultaneous existence of 
both ions decreased the contact angle from 28.7° to 19.6°. 
Chapter 2: Literature review 
 
 
27 
 
 
Figure 2.5 The zeta potential of sphalerite in the presence of (a) 1.25 × 10
-2
 M Ca(NO3)2; (b) 
saturated CaSO4 with precipitates, and (c) supernatant of saturated CaSO4. Note: [Ca] was 
approximately 1.25 × 10
-2
 M in both (b) and (c) (Sui et al., (1998) 
2.5.9 COLLECTOR ADSORPTION 
Sphalerite is naturally an insulator with a band gap of 3.5 eV. Activation by Cu(II) results in 
the formation of a CuS-type conducting layer and can lower the band gap to 1.1 eV on its surface 
(Fornasiero and Ralston, 2006; Kartio et al., 1998). This reduced band gap aids in electron transfer 
reactions and allows the thiol collectors to form an insoluble collector complex on the sphalerite 
surface through mixed potential electrochemical reactions (Buckley et al., 1989; Kartio et al., 1998). 
Ab initio cluster model calculations have also shown that Cu atoms incorporated into the sphalerite 
lattice enhanced the electron acceptor ability of sphalerite (Porento and Hirva, 2005). 
It has been accepted that Cu(I)-xanthate is the major surface species responsible for 
hydrophobicity of Cu-activated sphalerite (Leppinen, 1990; Mielczarski et al., 1989; Mikhlin et al., 
2016b; Nefedov et al., 1980; Pattrick et al., 1999; Perry et al., 1984; Popov and Vucinic, 1990b; 
Porento and Hirva, 2005; Prestidge et al., 1994; Terms and Richardston, 1986; Wang et al., 2013). 
However, dixanthogen adsorption is more prevalent on un-activated sphalerite (Pattrick et al., 1999) 
or when the Cu(II) concentration is low (Leppinen, 1990). It has also been proposed that the 
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formation of dixanthogen only occurs through precipitation from solution when excess Cu(II) ions 
are present (Prestidge et al., 1994). Popov and Vucinic (Popov and Vucinic, 1990b) showed that, in 
acidic conditions, Cu(I)-xanthate was the dominant species when the time of activation was only 2 
min. The amount of Cu(I)-xanthate reduced when the activation time was prolonged from 2 to 45 
min, at a constant CuSO4 concentration. For a short time of activation (2 min), i.e., under the rapid 
uptake regime, the rise in CuSO4 concentration resulted in a higher amount of Cu(I)-xanthate 
formed on the sphalerite surface. However, Cu(I)-xanthate production was not higher with an 
increase in CuSO4 concentration when the activation time was prolonged to 15 min. A long-time 
activation obviously involved migration of Cu ions under the sphalerite surface, a reduction of 
Cu(II) ions in solution, and consequently a reduced formation of surface Cu(I)-xanthate. 
Cu(I)–xanthate and dixanthogen formation in solution in an acidic medium is proposed to 
occur via reaction 2.23.  
2Cu
2+
(aq) + 4X
-
(aq) → 2CuX
-
(aq)  + 3X
-
(aq) → 2CuX2(aq) + X2(aq)                                                        2.23 
The inference based on IR spectra, flotability test results, and zeta potential measurements is 
that adsorption of Cu ions on the sphalerite surface in alkaline media (pH 8.0) were fast processes 
of surface nucleated precipitation of Cu(OH)2 and an exchange reaction between Cu(OH)2surf  and 
X
-
 ions from the solution: 
Cu(OH)2(surface) + 2X
-
(aq) → Cu(X)2(surface) + 2OH
-
(aq)                                                                      2. 24 
Cupric-xanthate decomposes forming CuX and dixanthogen: 
2Cu(X)2(surface) → 2CuX(surface) + (X)2(surface)                                                                                     2.25 
The next reaction led to the formation of Cu(I)-xanthate (Mielczarski et al., 1979) by decomposition 
of dixanthogen in the presence of OH
-
 or some other ions from the solution. 
It has been advised that, after Cu-activation of sphalerite in alkaline media, an exchange 
reaction between Cu(OH)2(surface) and X
-
 ions leads to Cu(X)2(surface) formation on the mineral 
surface, and subsequent decomposition of Cu(X)2(surface) forms CuX and dixanthogen (Fornasiero 
and Ralston, 1992; Mielczarski et al., 1979; Prestidge et al., 1994). 
2.6 SUMMARY AND CONCLUSION 
Plethora studies on Cu-activation of sphalerite has been conducted over several decades, 
which range from the investigation of basic mineralogy to elucidating complex surface structures, 
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with the overriding aim of providing fundamental knowledge to enable increased economic 
benefits. The information from such studies needs to be consolidated as a feedback system to realise 
the extent of progress made and the milestones that are yet to be achieved. 
Here, the current literature regarding the Cu-activation of sphalerite and parameters affecting 
the activation has been critically reviewed. As evident from the literature, there are three general 
areas which require further attention. The first is to identify the Cu-activation mechanism of 
sphalerite and pyrite as unintended Cu-activation of pyrite is possible in a mixed sphalerite:pyrite 
system that probably leads to an adverse effect on the sphalerite Cu-activation. The second area is 
to recognise the effect of dissolved ions on Cu-activation of sphalerite. Moreover, the last one is to 
investigate the adsorption kinetics of Cu on sphalerite in single mineral and mixed sphalerite:pyrite 
system to identify the effect of available surface area of pyrite on the adsorption kinetic. The similar 
procedure can be done for collector adsorption kinetic on Cu-activated sphalerite in the presence of 
different pyrite surface area. 
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3.1 ABSTRACT  
Adsorption of copper sulphate on the sphalerite and pyrite surfaces during selective flotation 
is not fully understood. In this paper, this phenomenon is surveyed using Cryogenic X-ray 
Photoelectron Spectroscopic (Cryo-XPS) and zeta potential measurements. The Cryo-XPS results 
showed that copper activation occurs in two steps. In sphalerite, surface Zn
2+ 
is substituted by Cu
2+
 
by ion exchange reaction and then the CuS-type layer is formed by reduction of the exchanged Cu
2+
 
to Cu
+
 and oxidation of surface S
2-
 to S
-
. Cu
2+
 can also activate pyrite; first, through reduction of 
Cu
2+
 to Cu
+
 and oxidation of surface S
2-
 species to S
-
, then surface Fe
2+
 oxidises to Fe
3+
 by 
reduction of S
-
 to S
2-
, leading to CuFeS2-type layer formation. In reducing the potential of the 
activation, enhancement of copper adsorption on pyrite surface is confirmed by XPS. Depth 
profiling after 10 min activation revealed copper diffusion into the sphalerite lattice up to 10 nm, 
while the thickness of the activation product on pyrite surface is less than 3 nm. The zeta potential 
studies confirmed CuS-type layer formation on copper activated sphalerite, whereas the surface 
product of the activated pyrite is CuFeS2-type. This study will lead to a better understanding of 
sphalerite-pyrite Cu
2+
 activation during flotation for a more efficient separation.   
 
Keywords: copper activation; adsorption; sphalerite; pyrite 
3.2 INTRODUCTION  
Froth flotation is a process to separate hydrophobic particles from a suspension of 
hydrophobic and hydrophilic particles. In mineral flotation, reagents, particularly collectors, are 
applied to increase the hydrophobicity of elect minerals with the aim of a successful separation 
(Leja, 1982). It has been known that sphalerite (ZnS) weakly reacts with short-chain xanthate 
collectors, but that reaction and subsequent flotation occur readily after activation of the mineral 
surface with copper ions (Kartio et al., 1998). Electrochemical interactions govern the adsorption of 
collectors on sphalerite surface and, due to the large band gap of none-activated sphalerite (its band 
gap is between 2.26 to 3.88 eV at room temperature) and its semi-conductor behaviour, the thermal 
electron transfer is very slow to have strong collector adsorption. Thus, Cu-activation of the 
sphalerite is applied to decrease the band gap to ease electron transfer (Popov and Vucinic, 1990a; 
Ralston and Healy, 1980a). This phenomenon is used as an aid in the flotation of this mineral but 
inadvertent activation must often be taken into account in the selective separation of sphalerite from 
other sulphide minerals, especially pyrite. 
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Pyrite can be activated when copper is present in the slurry. Inadvertent pyrite flotation can 
result either during flotation of copper bearing minerals/ores due to partial dissolution (Lascelles 
and Finch, 2002) or during activated flotation of sphalerite particularly when the concentration of 
sphalerite in the slurry is low (Zhang et al., 1997). Secondary copper bearing ores such as 
chalcocite, covellite and bornite pose a greater risk of inadvertent pyrite activation and flotation 
compared to chalcopyrite, based on the strong galvanic interaction between two minerals (Lascelles 
and Finch, 2002; Wong et al., 2002). In Cu-activation of pyrite, it was proposed that Fe(II) be 
replaced by Cu(II), resulting in the production of covellite and elemental sulphur on pyrite surfaces 
(Weisener and Gerson, 2000a). Later, it was identified that Cu(II) is adsorbed quickly onto reactive 
surface sulphur sites and is considered to be a fast one-step process (Boulton et al., 2003; Weisener 
and Gerson, 2000a, b). 
The impetus for this study is derived from the fact that sphalerite and pyrite usually are 
associated together and inadvertent Cu-activation of pyrite is possible during Cu-activation of 
sphalerite. Therefore, Cu adsorption mechanisms on both minerals need to be identified better to 
understand the controlling mechanisms of pyrite activation and the flotation of pyrite into zinc 
concentrates.  
In this paper, high-resolution Cryo-XPS and depth profiling technique were applied, for the 
first time, to probe the surface states of identified elements before and after copper activation of 
sphalerite and pyrite. The surface layer compositions of the minerals after copper activation were 
further analysed by zeta potential measurements. By employing a combination of Cryo-XPS and 
zeta potential techniques, the study provides new insights into the copper activation mechanism and 
surface products of sphalerite and pyrite. 
3.3 EXPERIMENTAL 
3.3.1  MINERAL AND REAGENTS 
The sphalerite and pyrite minerals obtained from Wards Scientific (USA) were mounted in 
metallographic resin and cut into 5mm × 5mm sections. The final polished mounted section formed 
a disc of 30 mm diameter with an exposure area for each mineral of 25 mm
2
.  
Water used for reagent preparation was purified using reverse osmosis (RO) and an Ultrapure 
Academic Milli-Q system (Millipore). The specific resistance of the Milli-Q water was 18.2 MΩ 
cm
-1
. For Cu-activation of the minerals, CuSO4 (99 %, Sigma-Aldrich) was the reagent used as 
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activator in this study. Dithionite and hydrogen peroxide were also applied to control the 
electrochemical potential of the polishing and activation environment. 
3.3.2  METHODOLOGY 
3.3.2.1 CRYO-XPS 
Mounted sphalerite and pyrite samples were wet-polished with 1200 polishing paper for 1 
min and then were immersed in the CuSO4 solution with desired concentrations for 10 min. The 
treated samples were rinsed with Milli-Q water and dried with nitrogen gas before Cryo-XPS 
analysis.  
Data was acquired using a Kratos Axis ULTRA XPS incorporating a 165 mm hemispherical 
electron energy analyser. The incident radiation was monochromatic Al Kα X-rays (1486.6 eV) at 
225W (15 kV, 15 mA). The instrument work function was calibrated to give a Binding Energy (BE) 
of 83.96 eV for the Au 4f7/2 line for metallic gold. After adjusting the spectrometer dispersion, a BE 
of 932.62 eV for the Cu 2p3/2 line of metallic copper was determined. Detection limits range from 
0.1 to 0.5 atomic percent depending on the element. 
The Kratos charge neutralizer system was used on all specimens. Survey (wide) scans were 
taken of an analysis area of 300-700 µm at an analyser pass energy of 160 eV. Multiplex (narrow) 
high-resolution scans were carried out with a analysis area of 300-700 µm and analyser pass energy 
of 20 eV. Survey scans were conducted over a 1200–0 eV binding energy range with 1.0 eV steps 
and a dwell time of 100 ms. Narrow high-resolution scans were run with 0.05 eV steps and 250 ms 
dwell time. Base pressure in the sample analysis chamber (SAC) was 1.0 × 10
-9 
torr and during 
sample analysis 1.0 × 10
-8 
torr. Charge corrections were applied on spectra using the main line of 
carbon 1s photoelectron peak (adventitious carbon) at 284.8 eV as an internal reference to account 
for sample charging. 
Because ultrahigh vacuums (1.0 × 10
−8
 Torr) required during XPS analysis cause sublimation 
of elemental sulphur and other volatile compounds on the surface. All samples were precooled 
(below −160 °C) before the evacuation of the chamber so that these compounds remained and could 
be detected. Furthermore, for Cryo-XPS, the samples were maintained at that temperature in the 
chamber using liquid nitrogen. 
The surface was first analysed by a single survey scan to identify the elements present, and 
then multiplex high-resolution scans of each elemental region were carried out to determine the 
relative elemental concentrations as well as oxidation state and chemical bonding associations. 
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Relative elemental atomic concentrations were determined by peak fitting using the CASA XPS 
software package and the Kratos library of relative sensitivity factors. Cryo-XPS data for all regions 
was fitted using Shirley background subtraction and Gaussian–Lorenztian peak profiles. 
For etching purposes, Cryo-XPS spectra were collected from the freshly fractured surface and 
then after 2, 4 and 6 min of etching (i.e., the total etching time for the sample was 6 min). Ion 
bombardment was performed with 4-kV Ar ions. The ion gun was a Kratos Minibeam III. After 
etching over an area of 3mm×3mm, Cryo-XPS was used to examine at area 0.7mm×0.3mm in the 
centre of the etch. The angle of incidence was approximately 45°. Under these conditions, the ion 
gun used was calibrated to sputter SiO2 at the rate of 1.42 nm/min. It has been observed that metal 
sulphides etch at a slightly greater rate. 
3.3.2.2 ZETA POTENTIAL MEASUREMENTS 
To measure the zeta potential, 0.01 g of mineral powder was dispersed in 10 ml of 10
-3
 or 10
-4
 
M CuSO4 at neutral pH for 10 min before standing for 10 min and syphoning off the colloidal 
particles in the supernatant. ZetaPlus instrument (Brookhaven Instruments Corp., Holtsville, NY) 
was used to measure the zeta potential of the minerals and 10
-3
 M KNO3 used as supporting 
electrolyte. The Smoluchowski equation applied to calculate the zeta potential of the minerals from 
the electrophoretic mobility of the particles measured by the instrument. The zeta potential mean 
values with standard errors were reported after five runs. 
3.4 RESULTS AND DISCUSSION 
3.4.1  CRYO-XPS STUDIES OF SPHALERITE 
3.4.1.1 SURFACE COMPOSITION OF CU(II)-ACTIVATED SPHALERITE 
Cryo-XPS has been found to be a useful technique for determining the surface properties of 
minerals after polishing or after chemical treatment which would be relevant in the applied aspect 
of mineral chemistry such as froth flotation.  
Compounds determined on the polished sphalerite surface have been shown in Table 3.1 The 
Atomic concentration of Zn, O, C and S was calculated after curve fitting using Casa XPS software. 
The curve fitting showed that the Zn 2p3/2 spectrum at a binding energy of 1021.6 eV consists of 
one component which is assigned to bulk Zn
2+
 of sphalerite. Oxygen was always present on samples 
exposed to the atmosphere and attributed to adventitious contamination, oxidation or water 
(Hochella et al., 1988; Maroie et al., 1984). O1s signals showed two types of oxygen on the mineral 
surface with binding energies of 531.7 eV and 533 eV. These two peaks are associated with C-O 
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and C=O groups, respectively. The peaks of C1s spectra are assigned to three components that 
correspond to carbon atoms in different functional groups: the non-oxygenated ring C (C-C), the C 
in C–O bonds (C-OH), and the carbonyl C (C=O), which arise from hydrocarbon contamination 
(Cano et al., 2001). Charge corrections for all other components are made using the C-C binding 
energy position (284.8 eV) as an internal reference. It can be seen from Table 3.1, C  components at 
286.2 eV and 288.4 eV correspond to C-O and C=O that realted O signals were detected at 531.7 
eV and 533 eV respectively. Available species at 161.5 and 162.7 eV could be due to S
2-
 which is 
associated with ZnS (Buckley A.N., 1989). A small deviation can be seen from the relative atomic 
concentrations of all elements of the stoichiometric formula of sphalerite, i.e. ZnS, with a 
concentration of Zn 2p 31.8 atom % and S 2p 29.5 atom %.  
Table 3.1 Binding Energy (BE) and Atomic concentrations (Atom %) of the elements identified on 
the freshly fractured sphalerite surface. 
 Comment BE (eV) Atom % 
Zn 2p3/2  Zn(II) (ZnS) 1021.6 31.8 
O 1s  O (O-C) 531.7 4.5 
O 1s  O (O=C) 533.0 1.9 
C 1s  C (C-C Ref.) 284.8 26.8 
C 1s  C (O-C-O) 286.2 3.8 
C 1s  C (O-C=O) 288.4 1.8 
S 2p3/2 S2- (ZnS) 161.5 19.6 
S 2p1/2  S2- (ZnS) 162.7 9.9 
 
After Cu-activation of the polished sphalerite surface for 10 min with 10
-4
 M CuSO4 at neutral 
pH, three additional compounds were identified (Table 3.2). The first additional species is Cu that 
Cu 2p3/2 spectrum show two components located at 932.4 eV, likely corresponding to Cu
+
 
formation, and at 933.8 eV, possibly attributed to Cu
2+
 formed by copper hydroxide precipitation on 
the mineral surface (Naveau et al., 2006). There is also an extra component for O 1s at 533.5 eV 
that has been attributed to adsorbed oxygen species (Mcintyre and Zetaruk, 1977) but here this peak 
is considerded as Cu
2+
 oxide species and other oxygen. The last additional component on the 
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sphalerite surface after Cu-activation was identified a doublet at 162.7 and 164.0 eV. This doublet is 
associated with monosulphide (S
-
) species formed on the surface as a result of Cu-activation 
(Gerson et al., 1999; Kartio et al., 1998; Wang et al., 2013). On the other hand, with Cu layer 
formation the atomic % of Zn dropped from 31.8 % to 15.3 %, indicating substitution of Zn with 
Cu. 
Table 3.2 Binding Energy (BE) and Atomic concentrations (Atom %) of the elements identified on 
the sphalerite surface after 10 min contact with 10
-4
 M CuSO4 at neutral pH. 
 Comment BE (eV) Atom % 
Zn 2p3/2  Zn(II) (ZnS) 1021.5 15.3 
Cu 2p3/2  Cu(I) (CuS) 932.4 7.1 
Cu 2p3/2  Cu(II) (Oxide) 933.8 1.2 
O 1s  O (O-C) 531.5 2.3 
O 1s  O (O=C) 532.9 4.2 
O 1s O (Cu oxide and others) 533.5 2.3 
C 1s  C (C-C Ref.) 284.8 30.9 
C 1s  C (O-C-O) 286.1 2.5 
C1s C (O-C=O) 288.5 4.1 
S 2p3/2  S
2-
 (ZnS)  161.5 13.7 
S 2p1/2  S
2- 
(ZnS) 162.7 6.1 
S 2p3/2  S
- 
(CuS) and Polysulphide 162.7 6.4 
S 2p1/2  S
- 
(CuS) and Polysulphide 164.0 3.2 
 
S (2p) spectrum 
A high-resolution scan of sulphur was applied to identify the valence states of sulphur species 
on the sphalerite surface before and after Cu-activation (Figure 3.1). Before Cu-activation (Figure 
3.1a), only one typical S 2p doublet was detected at 161.5 eV, indicating the presence of only S
2-
 
species on the sphalerite surface that is associated with bulk ZnS. After 10 min Cu-activation, an 
additional doublet appeared at a binding energy of 162.7 eV (Figure 3.1b). This new doublet can be 
assigned as S
1-
 or polysulphide components (Brion, 1980; Gerson et al., 1999; Kartio et al., 1998; 
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Wang et al., 2013). These results illustrate a new surface component formation after Cu-activation 
with oxidation of S
2-
 to S
1-
. 
 
 
Figure 3.1 S 2p spectra of sphalerite, polished (a), and activated with 10
-4
 M CuSO4 for 10 min (b) 
at neutral pH 
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Cu (2p3/2) spectrum 
Cu 2p high-resolution spectra of Cu-activated sphalerite are shown in Figure 3.2. The Cu 
2p3/2 spectrum shows two signals at 932.4 eV and 933.8 eV (Figure 3.2a). Cu 2p3/2 signal at 932.4 
eV has been reported (Brion, 1980) as being characteristic of Cu
+
 in CuS. The next peak is 
attributed to Cu
2+
 state as there is evidence for shake-up satellites feature (Figure 3.2b), indicating 
copper oxide or hydroxide formation on the mineral surface. 
 
 
Figure 3.2 Cu 2p spectra of sphalerite activated with 10
-4
 M CuSO4 for 10 min at neutral pH, Fitted 
data (a) and unfitted data (b) 
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3.4.1.2 ACTIVATION MECHANISM 
Based on the XPS analyses of S 2p and Cu 2p spectra, it can be proposed that the Cu-
activation of sphalerite occurs in two steps: (1) substitution of Zn
2+
 with Cu
2+
 followed by (2) 
oxidation of S
2-
 to S
-
 by reduction of Cu
2+
 to Cu
+
. Schematic adsorption mechanism of Cu on 
sphalerite and CuS-type layer formation on the mineral surface has been highlighted (Figure 3.3).  
 
 
Figure 3.3 Schematic illustration of Cu adsorption on sphalerite surface 
3.4.1.3 DEPTH PROFILING 
In Cryo-XPS, characteristic photoelectrons come from a depth which is not deeper than 
approximately 1-10 nm, depending on their energy. However, Ar-ion bombardment of mineral 
surfaces can be applied in conjunction with Cryo-XPS to get compositional data as a function of 
depth (Hochella et al., 1988). 
The change in the Zn, Cu, O and C peaks intensity of 10 min Cu-activated sphalerite sample 
as a function of etching time are shown in Figure 3.4. The blue survey shows available components 
on the surface without etching. As can be seen from the survey, a small amount of carbon is 
detectable on the activated mineral surface which is from the exposure of the mineral to the 
atmosphere and known as an adventitious carbon contamination. Its thickness could be around 2 nm 
(Hochella et al., 1988). Owing to the oxidation the mineral surface, the presence of oxygen is also 
noticeable at the binding energy around 530 eV.  
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Figure 3.4 Effect of etching time on surface components of Cu-activated sphalerite. 
After 2 min etching (the red survey curve), C and O components disappeared from the 
surface, indicating the formation of these two elements on the topmost layer with less than 3 nm 
thicknesses. However, there was a sharp increase in the intensity of Zn peak, and a small amount of 
Cu was detected. Cu peak was still detectable even with growing the etching time up to 6 min; the 
etched layer thickness would be more than 10 nm. These observations reveal that Cu-activation of 
sphalerite is an ion exchange mechanism, and Cu ions can diffuse into the sphalerite lattice up to 10 
nm after 10 min activation time. It is known that metals of IB group elements, like Cu, Ag or Au, 
are fast-diffusing impurities in all semiconductors in II-VI compounds, like ZnS, and the diffusion 
of Cu into ZnS lattice is supposed to be governed by interstitial and substitutional mechanisms 
(Bacaksiz et al., 2004; Desnica-Frankovic et al., 1999; Lott et al., 2002). 
3.4.2  CRYO-XPS STUDIES OF PYRITE 
3.4.2.1 SURFACE COMPOSITION OF CU(II)-ACTIVATED PYRITE 
Table 3.3 exhibits all elements that identified on the polished pyrite surface. Major elements 
on the polished surface are Fe, O, C, and S. For Fe 2p3/2 spectrum, we obtained six peaks, three for 
F
2+
 and three for Fe
3+
. The main peak at 707.0 eV could be interpreted as Fe
2+
 in bulk pyrite, as it 
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has been confirmed by other studies (Bronold et al., 1994; Murphy and Strongin, 2009; Nesbitt et 
al., 1998; Nesbitt and Muir, 1994; Nesbitt et al., 2000; Schaufuss et al., 1998a, b; Uhlig et al., 
2001). Other minor multiples for Fe 2p3/2 detected above the main peak are owing to the redox 
reactions and Fe
3+
 formation on the polished pyrite surface. These Fe
3+
 species could be attributed 
to Fe
3+
 oxy/ hydroxyl compounds due to appearance of bands at 530.1 eV which are attributed to 
oxides resulting from oxidation. The other oxygen components are relevant to adventitious carbon 
contamination at higher binding energies. 
More than one doublet has been fitted for S 2p spectrum of polished pyrite. Three doublets 
have been deconvoluted in which the most profound contributions are located at 162.4 eV, and 
163.6 eV that is associated with bulk Fe-S bond, less intense ones are located at 164.4 and 165.6 eV 
that could be related to polysulphide formation on the mineral surface due to the polishing. There is 
also a component at lower binding energy, 161.5 eV and 162.7 eV, which is attributed to surface 
disulphide species (Nesbitt et al., 1998).  
Table 3.3 Binding Energy (BE) and atomic concentrations (Atom %) of the elements identified on 
the freshly fractured pyrite surface. 
 Comment BE (eV) Atom % 
Fe 2p3/2  Fe
2+ 
Mult.1 (Fe(II)-S) 706.1 0.2 
Fe 2p3/2  Fe
2+ 
Bulk 707.0 9.0 
Fe 2p3/2  Fe
2+
 Mult.2 (Fe(II)-S)  708.0 0.3 
Fe 2p3/2  Fe
3+ 
Mult.1 (Fe(III)-S) 708.8 1.4 
Fe 2p3/2  Fe
3+ 
Mult.2 (Fe(III)-S) or (Fe(III)-O-OH) 710.0 0.3 
Fe 2p3/2  Fe
3+
 Mult.3 (Fe(III)-S) or (Fe(III)-O-OH) 711.1 0.3 
O 1s  O (Oxide) 530.1 0.8 
O 1s  O (O-C) 531.3 1.6 
O 1s  O (O=C) 532.5 6.3 
C 1s  C (C-C Ref.) 284.8 40.1 
C 1s  C (C-O) 286.1 2.3 
C 1s  C (C=O) 286.9 8.1 
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S 2p3/2  S
2-
 (surface) 161.5 1.7 
S 2p1/2  S
2-
 (surface) 162.7 0.9 
S 2p3/2  S
- 
(FeS2) 162.4 16.5 
S 2p1/2  S
- 
(FeS2) 163.6 8.2 
S 2p3/2  Sn
2-
 164.4 1.4 
S 2p1/2  Sn
2-
 165.6 0.7 
 
Table 3.4 shows that 10 min contact between polished pyrite and 10
-4
 M CuSO4 leads to the 
formation of new compounds on the mineral surface. New peaks at 932.0 eV and 933.4 eV 
indicating Cu
+
 and Cu
2+
 formations, respectively. The Cu
+
 could be associated with the activation 
product, this binding energy is very close to Cu 2p spectrum in CuFeS2 and CuS (Brion, 1980), and 
Cu
2+
 is probably attributed to the copper oxide or hydroxide precipitation. Contrary to the Cu-
activation of sphalerite that caused to decrease in Zn atomic concentration, Cu-activation of pyrite 
has no effect on Fe atomic concentration, stating no ion exchange mechanism. However, there is 
even one more Fe
3+
 component formation after the activation. As the amount of O 1s at 530.1 eV 
remained unchanged before and after the Cu-activation, the increase in the concentration of Fe
3+
 
could not be related to Fe
3+
 oxy/ hydroxy species on the surfaces exposed to long periods of Cu-
activation. Therefore, the presence of additional Fe
3+
 species at 710.5 eV indicates that the 
formation of the CuFeS2-like surface layer is very plausible, as 710.5 eV binding energy for Fe 
2p3/2 has also been assigned to CuFeS2 (Brion, 1980; Naveau et al., 2006). The detection of 
additional S 2p double at 161.9 eV and 163.1 eV and assigning this binding energy to CuFeS2 
means that the (Brion, 1980) activation product is probably CuFeS2-like layer.  
Table 3.4 Binding Energy (BE) and atomic concentrations (Atom %) of the elements identified on 
the pyrite surface after 10 min contact with 10
-4
 M CuSO4 at neutral pH. 
 Comment BE (eV) Atom % 
Cu 2p3/2  Cu
+
 (Cu(I)-Fe(III)-S2) 932.0 1.7 
Cu 2p3/2  Cu
2+
 (Cu(II)-oxide) 933.4 0.3 
Fe 2p3/2  Fe
2+ 
Mult.1 (Fe(II)-S) 706.0 0.6 
Fe 2p3/2  Fe
2+ 
Bulk 707.0 12.4 
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Fe 2p3/2  Fe
2+
 Mult.2 (Fe(II)-S)  708.0 1.3 
Fe 2p3/2  Fe
3+ 
Mult.1 (Fe(III)-S) 709.0 1.9 
Fe 2p3/2  Fe
3+ 
Mult.2 (Fe(III)-S) or (Fe(III)-O-OH) 710.5 1.1 
Fe 2p3/2  Fe
3+
 Mult.3 (Fe(III)-S) or (Fe(III)-O-OH) 711.9 0.4 
Fe 2p3/2  Fe
3+ 
Mult.4 (Fe(III)-O-OH) 713.4 0.3 
O 1s  O (Oxide) 530.4 0.9 
O 1s  O (O-C and OH) 531.7 7.2 
O 1s  O (O=C) 532.9 3.2 
C 1s  C (C-C Ref.) 284.8 21.5 
C 1s  C (C-O) 285.9 5.2 
C 1s  C (C=O) 287.1 2.9 
C 1s C (C=O) 287.7 1.5 
S 2p3/2  S
2-
 (surface)  161.2 1.0 
S 2p1/2  S
2-
 (surface) 162.4 0.5 
S 2p3/2  S
2-
 (activation product) and S
-
 (surface) 161.9 5.4 
S 2p3/2  S
2-
 (activation product) and S
-
 (surface) 163.1 2.7 
S 2p3/2  S
- 
(FeS2) 162.7 17.4 
S 2p1/2 S
- 
(FeS2) 163.8 8.7 
S 2p3/2  Sn
2-
 165.0 1.3 
S 2p1/2  Sn
2-
 166.2 0.7 
 
S (2p) spectrum 
Figure 3.5 shows high-resolution S 2p spectra of polished (a) Cu-activated and (b) pyrite at 
pH 7. Pyrite cleaves poorly and fractures conchoidally with 100 cleavage being the most common. 
It contains Fe
2+
-S2
2-
 bond as well as S-S bonds. The main peak located at 162.4 eV is attributed to 
bulk S
-
 in FeS2. The presence of the S-S bond may have a substantial effect on cleavage properties 
as the energy required to rupture S-S bond is less than the energy needed to rupture the Fe
2+
-S2
2-
 
bond. The Fe
2+
-S2
2-
 bond energy is clearly greater than 300 kJ/ mol, while the S-S bond energy is 
lower than 245 6 20 kJ/ mol (Mccleverty, 1985). Based on these different bond energies, it can be 
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concluded that the weaker S-S bond should be ruptured during fracture of pyrite, producing unique 
surface sulphur states. Rupture of an S-S bond leaves one sulphur monomer (nominally S
-
) on one 
fracture surface. The presence of sulphur monomer (S
-
) leads to a high probability of producing 
‘‘local,’’ non-compensated and thermodynamically unstable regions surrounding the S monomer. 
To stabilise the surface state and to achieve charge neutrality, the 3p orbitals should be filled. 
Therefore, the unstable S
-
 monomer may reduce to the most stable monosulphide (S
2-
), as can be 
seen at 161.5 eV in Figure 3.5a. The S
-
 surface species may acquire the additional electron from 
adjacent Fe
2+
 ions to produce surface Fe
3+
: 
Fe
2+
surface + S
-
surface → Fe
3+
surface + S
2-
surface                                                                                       3.1 
Another possibility for S
2-
surface production is obtaining of electrons from other S
-
 monomers.  
This ‘‘disproportionation’’ results in production of S0 and S2- monomers at the surface and may be 
represented formally by: 
2S
-
surface → S
0
surface + S
2-
surface                                                                                                          3.2 
The S
0
 species may remain a monomer or may react with a subtending disulphide to produce 
polysulphide (S
2-
3) in the near-surface as the double detected at 164.4 eV and 165.6 eV is assigned 
to polysulphide species.  
Cu-activation of pyrite leads to a new doublet formation at 161.9 eV and 163.1 eV (Figure 
3.5b), which represents S
2-
 species. Figure 3.5b also shows a decrease in the intensity of S
2-
 peak at 
161.2 eV confirming the oxidation of some parts of S
2-
 species on the polished pyrite to S
-
 species 
during Cu-activation and leading new sulphur doublet. 
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Figure 3.5 S 2p spectra of pyrite, polished (a), and activated with 10
-4
 M CuSO4 for 10 min (b) at 
neutral pH 
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Fe (2p3/2) spectrum 
Fe 2p3/2 high-resolution spectra of polished pyrite before and after contacting with 10
-4
 M 
CuSO4 at pH 7 are shown in Figure 3.6a and b, respectively. The spectra consist of an intense bulk 
peak at 707 eV with a long tail on the high BE side The tail gets longer for Cu-activated surface. 
The peak at 707 eV has been identified as fully coordinated low-spin Fe
2+
 sites in bulk pyrite. The 
calculation of the multiplet structure of core p-vacancy levels in the Hartree-Fock free-ion 
approximation for free Fe
2+
 ion was done (Gupta and Sen, 1974, 1975) to identify the relative 
binding energies and peak intensities related to the Fe 2p3/2 spectrum. Based on these calculations, 
it was characterised that there are three signals associated with free Fe
2+
 ion: the main peak at 707.0 
eV and two minor peaks located at 706.0 eV and 708.0 eV while are used to evaluate the Fe 2p3/2 
spectra of polished and Cu-activated pyrite. As shown in Figure 3.6a and b, the peaks are fitted 
successfully. At higher binding energies, multiplet splitting is observed on the polished pyrite 
surface (Figure 3.6a). The rupture of Fe-S bond on polished pyrite surface forms Fe
2+
 species which 
results in the coincident oxidation to Fe
3+
 and reduction of surface S
-1
 formed by S-S bond 
rupturing, to S
2- 
(Reaction 3.1).  
The results of theoretical calculations have revealed that high-spin states yield multiplet peaks 
due to unpaired valence electrons (Gupta and Sen, 1974, 1975). Electron configuration of high-spin 
Fe
3+
 ls
2
 2s
2
 2p
6
 3s
2
 3p
6
 3d
5
 shows that its unpaired valence electrons are more than low-spin Fe
2+
 ls
2
 
2s
2
 2p
6
 3s
2
 3p
6
 3d
6
 indicating that more available Fe
3+
 species on the surface results in a wider 
multiplet and longer tail formation. Consequently, the wider and longer tail in Figure 3.6b indicates 
more Fe
3+
 on the Cu-activated pyrite due to the activation product formation as additional Fe
3+
 peak 
is fitted at 710.5 eV. 
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Figure 3.6 Fe 2p spectra of pyrite, polished (a), and activated with 10
-4
 M CuSO4 for 10 min (b) at 
neutral pH 
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Cu (2p3/2) spectrum 
Figure 3.7 illustrates Cu 2p spectrum detected in high-resolution XPS survey on pyrite surface 
exposed to 10
-4
 M CuSO4 for 10 min. Cu 2p3/2 was fitted with two compounds in Figure 3.7a. The 
main peak at 932.0 eV represents Cu
+
 formation on the mineral surface, while the minor peak at 
933.4 eV could be assigned with Cu
2+
, as satellite shake-up futures were observed at higher binding 
energies (Figure 3.7b). The corresponding oxide species for Cu(OH)2 or CuO formation was 
detected at 530.4 eV (Table 3.4). 
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Figure 3.7 Cu 2p spectra of pyrite activated with 10
-4
 M CuSO4 for 10 min at neutral pH, Fitted data 
(a), and unfitted data (b) 
3.4.2.2 ACTIVATION MECHANISM 
As copper activation of pyrite occurs, the chemical states of the activation products on the 
mineral surfaces are significant to hypothesise the activation mechanism. XPS studies results 
revealed that pyrite could be activated by Cu in two steps: first, reduction of Cu
2+
 to Cu
+
 occurs by 
oxidation of surface S
2-
 species to S
-
; second: surface Fe
2+
 oxidation to Fe
3+
 by reduction of S
-
 to S
2-
 
will be arisen to CuFeS2 layer formation (Figure 3.8). 
 
Figure 3.8 Schematic illustration of Cu adsorption on pyrite surface 
 
 
Cu 2p/2
Cu(II) (S hake-up)
Cu(I)
C
u
 2
p
x 10
2
65
70
75
80
85
C
P
S
965 960 955 950 945 940 935 930 925 920
Bi ndi ng E nergy (eV)
(b) 
Chapter 3: Characterisation of Sphalerite and Pyrite Copper Activation 
 
53 
 
Due to the electrochemical nature of the Cu-activation of pyrite, the effect of polishing and 
potential on the activation was investigated. The atomic ratio of Cu
+
, Fe
3+
 and S
2-
 species with Fe
2+
 
of bulk FeS2 as a function of potential are shown in Table 3.5. It can be seen that,  at EH= -150 mV, 
the amount of adsorbed Cu
+
 and two other activation products, Fe
3+
 and S
2-
 increases in comparison 
with EH= +100 mV. The reason could be due to the less oxidation of S
2-
 surface species during the 
polishing and activation under reducing conditions. Consequently, more S
2-
 surface species will be 
left for reduction of Cu
2+
 to Cu
+
 and successful Cu adsorption (the first step of pyrite Cu-
activation). 
Table 3.5 Atomic percentage of activation products after Cu-activation of pyrite at different 
potentials and neutral pH 
 EH= + 100 mV (SHE) EH=  - 150 mV (SHE) 
Cu(I)/Fe(II)bulk 0.14 0.24 
Fe(III)activation product/Fe(II)bulk 0.14 0.25 
S
2-
activation product /Fe(II)bulk 6.3 1.7 
 
3.4.2.3 DEPTH PROFILE 
Figure 3. 9a and b show XPS spectra changes by the Ar-ion etching on the (100) surface of 
the Cu-activated pyrite surface as a function of etching time. After Cu-activation and without 
etching, S 2p3/2 peak for surface S
2-
, as a result of polishing, and S
-
, the activation product, were 
fitted at 161.2 eV and 161.9 eV (Figure 3. 9a). The doublet located at 163.1 eV and 164.3 eV could 
be due to the interaction of S
3+
 of dithionite with surface sulphide and new sulphur states formation. 
The two surface species disappeared after two min etching (Figure 3. 9b), indicating that surface 
product species thickness is less than almost 3 nm. At higher binding energies, more polysulphide 
formation can be seen because of the sulphur state altering by etching. 
The Cu 2p spectrum of Cu-activated pyrite before and after etching is shown in Figure 3.10a 
and b, respectively. It has been supposed that, by 2 min etching, almost 3 nm of the topmost layer of 
the mineral will be removed. As no Cu
+
 was detected after 2 min etching (Figure 3.10b), it can be 
concluded that diffusion does not happen in Cu-activation of pyrite and the surface product 
thickness is less than 3 nm (monolayer CuFeS2-type layer formation). 
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Figure 3. 9 S 2p spectra of pyrite activated with 10
-4
 M CuSO4 for 10 min at neutral pH and EH -150 
mV, without etching (a), and after 2 min etching (b). 
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Figure 3.10 Cu 2p spectra of pyrite activated with 10
-4
 M CuSO4 for 10 min at pH 7 and EH -150 
mV, without etching (a), and after 2 min etching (b). 
(b) 
(a) 
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3.4.3  ZETA POTENTIAL 
As can be seen from Table 3.6, non-activated pyrite showed a positive zeta potential, 8 ± 1 
mV, while for the sphalerite a negative value, -32 ± 3 mV, was measured at neutral pH. After 
activation of pyrite particles with 10
-4
 M CuSO4 for 10 min, charge reversal was observed, and -
11.4 ± 2 mV was recorded. This value is very close to the zeta potential of CuFeS2 or Cu2S at 
neutral pH (Fairthorne et al., 1997; Fullston et al., 1999; Laskowski et al., 1997) indicating that new 
surface layer could be either CuFeS2 or Cu2S type. Because S
-
 species were detected on activation 
product by XPS, the product surface layer is probably CuFeS2-type. 
To investigate the effect of the electrostatic attraction of Cu(OH)
+
 species on the mineral 
surface and resulting in less negative zeta potentials, additional measurements at high CuSO4 
concentration were conducted to monitor the effect of this component with increasingconcentration. 
Cu
2+
 species distribution calculations at different pH and concentrations were done by Pugh and 
Tjus (1987). Calculations showed that Cu
2+
, Cu(OH)
+
 and Cu(OH)2(s) species are available at 
neutral pH but, with changing the Cu concentrations in the solution, the proportion of these species 
alter. It was suggested that, with increasing Cu concentrations from 10
-4
 M to 10
-3
 M,  the 
proportion of the Cu(OH)
+
,  and Cu(OH)2(s) will be more than Cu
2+
 (Prestidge et al., 1997; Pugh and 
Tjus, 1987). Consequently, the chance of precipitation or electrostatic adsorption of these species 
would be high. In contrast with the expectation that, less negative zeta potential should be obtained 
due to the high concentrations of Cu(OH)
+
,  and Cu(OH)2(s), more negative zeta potential, -24.5 ± 2 
mV, was measured for pyrite at higher CuSO4 concentration indicating that recorded zeta potentials 
are the result of Cu
2+
 ions adsorption and CuFeS2-like layer formation on the mineral surface. 
Table 3.6 Zeta potential measurements of pyrite and sphalerite in 10
-3
 M KNO3 supporting solution 
at neutral pH 
 No activation 10
-4
 M CuSO4 10
-3
 M CuSO4 
Pyrite 8 ± 1 mV -11.4 ± 2 mV -24.5 ± 2 mV 
Sphalerite -32 ± 3 mV -57 ± 2 mV -47 ± 3 mV 
 
More negative values, -57 ± 2 mV and -47 ± 3 mV, were measured for sphalerite particles 
after 10 min preparation with 10
-4
 M and 10
-3
 M CuSO4, respectively. It has been indicated that CuS 
zeta potential at neutral pH is around - 40 mV (Ejtemaei et al., 2016; Fullston et al., 1999; Nduna et 
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al., 2014), and probably forms a new layer of CuS-type on Cu-activated sphalerite. These findings, 
in conjunction with XPS analysis, imply that new layer formed on the pyrite and sphalerite after 
Cu-activation is CuFeS2 and CuS-type, respectively.  
3.5 CONCLUSIONS 
Surface-sensitive XPS technique was applied to investigate the adsorption mechanism of Cu
2+
 
on sphalerite and pyrite surface. The high-resolution spectra from detected elements on the Cu-
activated minerals revealed the elements valence changes and also the appearance of new elements. 
Cu-activated sphalerite XPS results unfolded that the concentration of Zn
2+ 
on the sphalerite 
surface, after activation, drops by adsorption of Cu. It implies an ion exchange mechanism and 
substitution of Cu
2+
 for Zn
2+
 in the lattice. However, with the presence of Cu
+
 and S
-
 on the mineral 
surface after activation, it can be suggested that after ion exchange mechanism there is a reduction 
of the adsorbed Cu
2+
 to Cu
+
 and oxidation of S
2-
 to S
-
, leading CuS-type layer formation on the 
sphalerite surface. Depth profiling after 10 min activation revealed copper diffusion into the 
sphalerite lattice up to 10 nm. 
Unlike the Cu-activation of sphalerite, XPS results did not show ion exchange mechanism 
between Cu
2+
 and Fe
2+
 during Cu-activation of pyrite. However, additional Fe
3+
 and S
-
 signals in 
conjunction with new Cu
+
 peak formation suggests that the first stage of the activation Cu
2+
 will be 
reduced to Cu
+
 by oxidation of surface S
2-
 species to S
-
. The subsequent reaction would be Fe
2+
 
oxidation to Fe
3+
 by reduction of S
-
 to S
2-
. Ultimately, a CuFeS2-layer forms.  
In contrast to sphalerite Cu-activation, copper does not diffuse into the pyrite lattice, and there 
is monolayer activation product formation with less than 3 nm thickness. 
The zeta potential studies confirmed the hypothesis regarding the surface products for the 
activated sphalerite and pyrite. It was observed that the zeta potential of the Cu-activated sphalerite 
is very close to CuS zeta potential, while for pyrite activation by Cu the measured zeta potential is 
near CuFeS2 zeta potential at neutral pH.  
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4.1 ABSTRACT 
Hydrophobicity and many other surface properties of Cu-activated sphalerite can be changed 
by calcium, magnesium and sulphate ions in solutions, but have not been quantitatively investigated 
before. Here, the effect of Ca(NO3)2, Mg(NO3)2, MgSO4 and CaSO4 on the surface properties of 
Cu-activated sphalerite was studied using contact angle (CA) measurements, X-ray photoelectron 
spectroscopy (XPS), and zeta potential measurements. The CA measurements show that the 
hydrophobicity of sphalerite developed after Cu-activation, but the presence of 30 mM Ca(NO3)2, 
Mg(NO3)2 or MgSO4 decreased its hydrophobicity: CA reduced from 67° to 48°; however, the 
presence of 30 mM of CaSO4 reduced CA to 42°. This CA change could be due to the simultaneous 
presence of ionic calcium species and calcium sulphates that precipitated as gypsum. The XPS data 
show the Cu formed on the sphalerite surface after Cu-activation in the salt solutions was in the Cu
+
 
state. The effect of Ca(NO3)2, Mg(NO3)2, MgSO4 and CaSO4 on the Cu-activated sphalerite surface 
appeared to be the same, namely a decrease in Cu
+
 adsorption and polysulphide formation. Neither 
Ca
2+
 nor CaSO4 were detected by surface analysis, but some Mg ions were found on the surface. 
Zeta potential measurements confirmed the presence of calcium and magnesium ions on the 
sphalerite surface. The role of calcium and magnesium ions in Cu-activation of sphalerite appears to 
be that of moderators which act to reduce the amount of Zn replaced by Cu on the sphalerite 
surface, whether SO4 is present or not.  
 
Keywords: Sphalerite; Cu-activation; Calcium; Magnesium; Contact angle; XPS; Zeta potential. 
4.2 INTRODUCTION 
Sphalerite (ZnS) is the principal source of the world's supply of zinc. The recovery of zinc 
from economic ore deposits usually involves sequential selective flotation with thiol collectors. It is 
accepted that unactivated sphalerite interacts weakly with short-chain thiol collectors, particularly 
xanthate. However, collector-induced flotation of sphalerite has been reported in the absence of 
added heavy-metal cations both at high pH (Leroux et al., 1987) and after conditioning in acidic 
media (Girczys et al., 1972; Marouf et al., 1986). It is well established that Cu cations exchange 
with those of zinc (via an ion exchange mechanism) during Cu-activation of sphalerite (Finkelstein 
and Allison, 1976). However, the identity of the resulting Cu-containing surface phase is still the 
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subject of debate. Cases have been argued for the formation of covellite, CuS (Cecile 1985; 
Finkelstein and Allison, 1976); and chalcocite, Cu2S (Nefedov et al., 1980; Perry et al., 1984). 
The activation mechanism in which sphalerite is conditioned with Cu(II), normally as a nitrate 
or sulphate, has been extensively studied both before and after xanthate addition to examine effects 
on flotation. The following chemical exchange reaction has been accepted for sphalerite activation 
in a weakly acidic medium: 
Cu
2+
aq + ZnS = CuS + Zn
2+
aq                                                                                                             4. 1 
By interaction between Cusurf
2+
 and S
2-
, the second reaction would be oxidation/reduction 
reaction.  The decrease of the cupric ion that was exchanged with the Zn ion of sphalerite, and the 
concomitant oxidation of the sulphide to a polysulphide was sometimes presented by the following 
reaction: 2nCuS + 2e
-
 → nCu2S + Sn
2-
. There would be a problem with this reaction, i.e., something 
has to get oxidised to supply the electrons needed by the reaction. Therefore, a better route without 
the requirement of electrons for the cupric ion exchange with Zn ions, as suggested by Fornasiero 
and Ralston (2006), is described by: xZnS + Cu
2+
 = (ZnS)x-1∙CuS + Zn
2+
 and (ZnS)x-1∙CuS = (ZnS)x-
1∙0.5Cu2S2. Then, reduction of the exchanged cupric ion to cuprous, accompanied by the oxidation 
of the sulphide to disulphide to produce a cuprous disulphide, is described as follows: 
Cusurf
2+
 + S
2-
 = (Cu2)
2+
(S2)
 2- 
                                                                                                            4. 2 
Since (Cu2)
2+
(S2)surf
2-
 is a hydrophobic species and its presence on activated sphalerite provides an 
explanation for the observed flotation of Cu-activated sphalerite in the absence of collector, as the 
hydrophobic species responsible for enabling flotation (Fornasiero and Ralston, 2006; Popov and 
Vucinic, 1990b; Prestidge et al., 1997). The effect of salt ions on the formation of the hydrophobic 
species by Reaction (4.2) can be substantial in flotation as discussed below.     
Management of water resources has become an increasingly important issue in the world 
because it is closely related to the quality of human life and protection of the environment. 
Therefore, water reuse is a growing practice in many regions of the world, even in those countries 
that have not typically been considered to have problems with water scarcity (Bicak et al., 2012). 
Primary water supplies from bores containing high levels of salinity including calcium, magnesium 
and iron salts as potential precipitates are being used in several remote areas. 
Calcium and sulphate ions are two of the most common species found in sulphide ore 
concentrator process waters. The presence of calcium is due to the use of calcium hydroxide as a pH 
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regulator and the dissolution of calcium-bearing minerals (e.g., calcite, dolomite, etc.) when they 
are present in the ore. In turn, sulphate concentration above saturation for gypsum precipitation 
occurs due to the natural oxidation of sulphide minerals by atmospheric oxygen during grinding, 
conditioning, flotation and thickening. Typical process waters have calcium concentrations in the 
order of 700 mg/L, while sulphate concentrations may reach the saturation point (about 1700 mg/L) 
or greater for metastable supersaturation (Deng et al., 2013b; Grano et al., 1995; Levay et al., 2001; 
Sui et al., 2000; Sui et al., 1998). 
Electrostatic interaction between calcium ions and sphalerite has been demonstrated 
previously (Davila-Pulido and Uribe-Salas, 2014; Deng et al., 2013b; Duran et al., 1995; 
Ikumapayi, 2010; Moignard et al., 1977; Sui et al., 1998). Sui et al. (1998) showed an increase in 
the zeta potential of sphalerite in the presence of Ca
2+
 or CaSO4. They demonstrated that the effect 
on zeta potential is due to Ca
2+
 ions and not to precipitation of CaSO4, and attributed the increased 
zeta potential to the adsorption of Ca
2+
 or Ca-hydroxyl species. However, Lascelles et al. (2003)  
showed that Ca
2+
 and Mg
2+
 have no effect on Cu uptake on sphalerite at acidic or neutral conditions 
but, only reduced Cu uptake under highly alkaline conditions when the pH exceeded that for the 
formation of the corresponding hydroxide precipitate.  The zeta potential of sphalerite as a function 
of pH in deionized water, process water and deionized water containing different Ca
2+
 ion 
concentrations has also been investigated by Ilkumpayi et al. (2010). They found that calcium ions 
exist as divalent cations at pH 11.5 and that calcium hydroxide (CaOH
+
) ions are the predominant 
species at higher pH. Also, their adsorption is seen to decrease the magnitude of negative surface 
charge and is responsible for charge reversal. 
Deng et al. (2013) investigated the zeta potential distributions of sphalerite in 800 ppm 
calcium solutions in the presence of Cu and/or SIPX at pH 6.5. In 800 ppm calcium solutions, the 
zeta potential distribution of sphalerite shifts to a slightly less negative value of -12 mV in 
comparison with that in 10 mM KCl solution (-15 mV) (Deng et al., 2013b). Dávila-Pulido and 
Uribe-Salas, (2014) found that the presence of either calcium or sulphate ions on their own does not 
have a significant effect on hydrophobicity caused by Cu-activation of sphalerite. Nevertheless, the 
simultaneous existence of both ions decreased the contact angle from 28.7° to 19.6°. 
The aim of this work is to investigate further and quantify the fundamental interactions of 
sphalerite with Cu
2+
, Ca
2+
, Mg
2+
, and SO4
2-
 ions. This research is relevant to understanding their 
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effects on the Cu-activation of sphalerite in flotation practice where such ions often occur in 
significant concentrations.   
4.3 EXPERIMENTAL 
4.3.1 MINERAL AND REAGENTS 
The sphalerite specimen was sourced from Wards Scientific (USA), mounted in 
metallographic resin and cut into thin sections. The final polished mounted section formed a disc of 
30mm diameter and approximately 2mm thickness.  
The buffer solution used in the experimental work consisted of a mixture of 0.05 M 
CH3COONa and 0.05 M CH3COOH (Reagent grade, ACS) to give pH 4.6. Water used for reagent 
preparation was purified using a reverse osmosis RO’s unit and an Ultrapure Academic Milli-Q 
system (Millipore). The specific resistance of the Milli-Q water was 18.2 MΩ cm-1. The reagents 
used in the study are shown in Table 4.1.  
Table 4.1 Reagents used in the sphalerite surface preparation 
Chemicals Grade Supplier 
Copper nitrate, Cu(NO3)2 99 % Sigma-Aldrich  
Calcium sulphate, CaSO4 99 % Sigma-Aldrich 
Magnesium sulphate, MgSO4 99 % Sigma-Aldrich 
Calcium nitrate, Ca(NO3)2 99 % Sigma-Aldrich 
Magnesium nitrate, Mg(NO3)2 98 % Sigma-Aldrich 
Sodium sulphate, Na2SO4 99 % Aldrich Chemical Company 
 
Calcium nitrate and magnesium nitrate were used to investigate only calcium or magnesium 
effects due to their high solubility and thereby to prevent calcium sulphate or magnesium sulphate 
precipitate formation.  
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4.4 METHODOLOGY 
4.4.1 CA MEASUREMENT 
For contact angle measurements, the sphalerite specimen was mounted in metallographic 
resin, wet ground and polished with silicon carbide sandpaper (1200#) making use of ethanol and 
deionised water, and then dried with nitrogen gas. Polishing was carried out before each test to 
ensure the mineral surface was fresh. After specimen preparation, chemical conditioning was 
carried out using a two-stage process. Initially, 10 μL of either calcium or magnesium solution was 
deposited on the surface and allowed to remain for 10 minutes, after which it was removed. 
Activation of the surface was then carried out with the deposition of 10 µL of a solution containing 
a combination of either calcium or magnesium ions and copper nitrate, simulating the expected 
conditions within industrial sphalerite flotation circuits. Upon completion of the conditioning 
process, the mounted specimen was cleaned and transferred to the contact angle measurement 
chamber (30cm × 30cm × 30cm). Single sessile droplets of water were deposited on the sphalerite 
surfaces in a closed glass box to minimise possible external perturbations. The experiments were 
conducted at room temperature (22 ± 1°C) and controlled relative humidity of 58 ± 1% (using a 
saturated Mg(NO3)2  salt solution within the chamber). Small sessile water droplets of 1 μL volume 
were gently deposited onto the flat solid surfaces using a pipet (Eppendorf Research, Germany) 
with precision control. A progressive-scan CCD camera (model XCD-SX910, Sony, Japan) fitted 
with a 10 x objective lens (Nikon, Japan) was used to capture transient pictures. A fibre light with a 
diffuser was used to illuminate the drop from the backside. The video movies were then extracted 
from single images using Photron Fastcam Viewer 3 software (Photron) and further analysed using 
an in-house Matlab code for determining the droplet contact base radius and contact angle. Under 
all conditions, the experiments were repeated three times. 
4.4.2 XPS 
Sample preparation and the experiments situation were similar to the condition that was 
explained in Chapter 3. The only difference is the cold stage that was not applied for these 
experiments. 
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4.4.3 ZETA POTENTIAL MEASUREMENT 
The zeta potential of sphalerite was determined using a ZetaPlus instrument (Brookhaven 
Instruments Corp., Holtsville, NY), which allows the direct reading of the zeta potential as 
calculated from the electrophoretic mobility of the particles in the suspension by the Smoluchowski 
equation. To evaluate the zeta potential of sphalerite, 0.01 g of mineral powder was suspended in 10 
ml of the aqueous solution of interest (e.g. Cu(NO3)2, Ca(NO3)2 and Mg(NO3)2) at pH 4.6. In all 
measurements, 10
-4
 M KNO3 was applied as background electrolyte. 
4.5 RESULTS AND DISCUSSION 
4.5.1 CONTACT ANGLE MEASUREMENTS 
The results of the contact angle measurements of sphalerite as a function of Ca
2+
, Mg
2+
, SO4
2-
, 
calcium sulphate and magnesium sulphate concentrations in the presence of 0.1 mM Cu
2+
 are 
shown in Figure 4.1. By increasing the Ca
2+
 concentration from 0 to 10 mM, the contact angle 
decreases from 67° to 50°. Further increasing the Ca
2+
 concentration has no more effect on the 
contact angle, even with increasing the concentration up to 100 mM. 
It seems, in the presence of Ca
2+
, the migration of Cu species to the ZnS–H2O interface from 
the bulk solution is retarded due to competition for adsorption between Cu species and Ca species. 
Therefore, Ca itself can decrease Cu-uptake in the sphalerite activation process because of the 
electrostatic interaction between Ca ions and the negatively charged unactivated sphalerite surface.  
On the other hand, sulphate ions have no effect on Cu-activation of sphalerite. In the presence 
of both calcium and sulphate ions, by increasing their concentration from 0 to 30 mM, the contact 
angle reduces from 67° to 45°. This could be due to the formation of calcium sulphate (precipitation 
as gypsum). The solubility limit of gypsum is 2400 ppm (17.6 mM) (Deng et al., 2013b) so, in the 
presence of calcium and sulphate ions at a concentration greater than this, there will also be gypsum 
formation in the solution. Interestingly, by increasing calcium and sulphate concentrations up to 100 
mM, the contact angle further decreases to 33°.   
Unactivated sphalerite is negatively charged at pH 4.6 (Laskowski et al., 1997). Before Cu-
activation of sphalerite, hetero-coagulation cannot be produced by gypsum due to the negative 
charge of both sphalerite and gypsum. However, after Cu-activation, sphalerite becomes positively 
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charged and, therefore, interacts with negatively charged gypsum such that hetero-coagulation will 
occur (Davila-Pulido and Uribe-Salas, 2014). 
 
Figure 4.1 Effect of the concentration of dissolved ions on the contact angle of Cu-activated 
sphalerite (0.1 mM Cu
2+
). The tests were carried out at 30ºC and pH 4.6. 
The contact angle measurements of sphalerite as a function of magnesium concentration show 
that magnesium ions also have an adverse effect on the Cu-activation of sphalerite. The negative 
effect of magnesium ions could be because of the electrostatic attraction between the positively 
charged Mg
2+ 
or MgOH
+
 and negatively charged sphalerite surface at mildly acidic pH. In the 
presence of magnesium and sulphate ions together, the contact angle decreased from 67° to 48° by 
increasing the concentration from 0 to 30 mM (Figure 4.1). The contact angle did not decrease with 
any further increase in the concentrations of these ions. This is probably because of the very high 
solubility limit of magnesium sulphate , which is 309,000ppm at 10°C (Matthew, 1988). A very 
high concentrations, magnesium ions play the most significant role. 
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4.5.2 XPS STUDIES 
4.5.2.1 SURFACE COMPOSITION OF NATURAL SPHALERITE 
XPS was first applied to characterise the composition of the natural sphalerite used for the 
study and confirm its composition. The sample analysis chamber was maintained at room 
temperature throughout the measurements. Characteristic survey photoelectron peaks (Figure 4.2) 
were detected for zinc at 1021.6 eV and sulphur at 161.5 eV, as well as oxygen at 531.7 eV and 
carbon at 284.8 eV. The relative atomic concentrations of all elements show small deviations with 
respect to the stoichiometric formula of sphalerite, i.e. ZnS, with a concentration of Zn 2p of 31.8 
atom% and S 2p 29.5 atom%. Other elemental analyses were O 1s (6.4 atom%) and C 1s (32.4 
atom%), where C 1s is used as the internal reference for charge correction. The complete XPS data 
is contained in Table 4.2. 
 
Figure 4.2 Survey XPS spectra of polished untreated sphalerite. 
Curve fitting using CasaXPS revealed that the Zn 2p spectra consist of two components, at 
1021.6 and 1045.1 eV, where both components are assigned to zinc in the ZnS bond (Maroie et al., 
1984). 
The S 2p3/2 and S 2p1/2 doublet at 161.5 and 162.7 eV are attributed to sulphide (Buckley et 
al., 1989; Prestidge et al., 1997).  The most intense C1s peak observed is at 284.8 eV is associated 
with C-C species. The C 1s spectra show two peaks at 286.2 and 288.4 eV which can be assigned to 
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carbon in C-O and C=O in carbonate groups, respectively (Bichler et al., 1997). As shown in Table 
2, the O 1s spectra at 531.7 eV correspond to C-O and C=O bonding in carbonate groups (Bou et 
al., 1991). 
Table 4.2 Binding Energy (BE) and atomic concentrations (Atom %) of the elements identified on 
the freshly fractured sphalerite surface. 
 BE (eV) Atom % 
Zn 2p3/2 1021.6 31.8 
O 1s 531.7 4.5 
O 1s 533 1.9 
C 1s C-C Ref. 284.8 26.8 
C 1s C-O 286.2 3.8 
C 1s COO 288.4 1.8 
S 2p3/2 161.5 19.6 
S 2p1/2 162.7 9.9 
 
4.5.2.2 FRESHLY PREPARED COPPER(II) ACTIVATED SPHALERITE 
According to the reaction mechanism proposed by Reaction 4.2, after Cu-activation of 
sphalerite, there will be CuS like components at the surface (Fornasiero and Ralston, 2006). XPS 
spectra in Figure 4. 3 show a new peak around 932 BE representing Cu layer formation on the 
sphalerite surface. On the other hand, a decrease in zinc peak at 1021.6 eV is tangible. Atomic 
concentrations of the elements identified on the sphalerite surface after 10 min contact with 0.1 mM 
Cu(NO3)2 at pH 4.6 are shown in Table 4.3. Compared to the fresh surface (Table 4.2), Cu-activated 
sphalerite shows surface changes. Thermodynamically metastable Cu
2+
 substituted zinc sulphide 
phases may undergo a redox disproportion into either Cu
+
 sulphide and elemental sulphur (Cu2S.S
0
) 
or Cu(I) polysulphide (e.g., (Cu2)
2+
(S2)
2-
) (Prestidge et al., 1997).  
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Figure 4. 3 Survey XPS spectra of polished sphalerite and sphalerite treated with 10
-4
 M Cu(NO3)2 
for 10 min at pH 4.6 
In the present work, the Cu 2p3/2 spectrum was fitted with two components. The main 
component at 932.5 eV represents a Cu(I) state, while the minor component at 934.6 eV could be 
attributed to another Cu(I) state with a slightly different electronic environment or an asymmetry of 
the main emission (Kartio et al., 1998). There was no evidence for a Cu(II) state because the spectra 
do not show excited final state satellites, typical of the Cu(II) state (Prestidge et al., 1997). Thus, the 
results obtained in the present work suggest that the Cu on activated sphalerite is in the Cu(I) state. 
The S 2p spectrum from the Cu-activated surface (Table 3) indicates two additional components at 
higher BEs of 162.0 and 163.2 eV compared with the corresponding spectra for a fresh surface 
(Table 4.2). The presence of Cu(I) and polysulphide are also supported by the existence of a 
corresponding S 2p peak at 162.0 eV which is typical of sulphur in CuS (Nefedov et al., 1980). 
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Table 4.3 Binding Energy (BE) and atomic concentrations (Atom %) of the elements identified on 
the sphalerite surface after 10 min contact with 10
-4
 M Cu(NO3)2 at pH 4.6. 
 BE (eV) Atom % 
Zn 2p3/2 1021.7 18.7 
Cu 2p3/2 932.5 9.2 
Cu 2p3/2 934.6 0.7 
O 1s 531.8 6.0 
O 1s 532.9 5.1 
C 1s C-C Ref. 284.8 23.4 
C 1s C-O 286.1 4.1 
C 1s C=O 287 2.3 
C 1s COO 288.7 1.7 
S 2p3/2 161.6 8.9 
S 2p1/2 162.8 4.5 
S 2p3/2 162.0 8.4 
S 2p1/2 163.2 4.2 
S 2p3/2 163.2 1.8 
S 2p1/2 164.4 0.9 
 
4.5.2.3 COPPER ACTIVATION IN THE PRESENCE OF CALCIUM 
In the presence of Ca only, XPS failed to detect any calcium species on the sphalerite surface 
(Table 4.4). Sui et al., (1989) considered the lack of calcium to be an artfact of the sample 
preparation process for XPS analysis (i.e. the Ca is somehow lost from the surface), even through 
the use of various procedures (e.g. washing with water or not) gave the same result. 
According to the contact angle results (Figure 4.1), the effect of calcium and calcium sulphate 
on the Cu-activation of sphalerite is a reduction in hydrophobicity of the activated surface. It is 
because of the decrease in the Cu:Zn exchange ratio that consequently decreases the hydrophobic 
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species on the Cu-activated sphalerite surface. Thus, evidence of the decline in the atomic 
concentration of Cu(I) would be expected in the XPS data for Cu-activation of sphalerite in the 
presence of Ca(NO3)2 and CaSO4 to confirm this. Figure 4. 4 shows XPS spectra of polished 
sphalerite and Cu-activated sphalerite in the presence of calcium sulphate and calcium nitrate. It is 
clear that in the presence of either calcium sulphate or calcium nitrate the intensity of Cu peak at 
932.5 eV decreases. 
 
Figure 4. 4 Survey XPS spectra of polished sphalerite and sphalerite treated with 10
-4
 M Cu(NO3)2 
in the presence of 30 mM CaSO4 or Ca(NO3)2 for 10 min at pH 4.6 
The binding energies and atomic concentrations of the elements identified on the sphalerite 
surface after 10 min contact with 30 mM CaSO4 and 30 mM Ca(NO3)2 in the presence of 0.1 mM 
Cu(NO3)2 at pH 4.6 are included in Table 4.5 and 4.6, respectively. Compared to the Cu-activated 
sphalerite, in the absence of CaSO4 (Table 4.3), the BE of Cu 2p is almost unchanged. However, the 
relative atomic concentration in the presence of CaSO4 and Ca(NO3)2 decreased from 9.9% to 6.6% 
and 5.5 %, respectively. The Cu:Zn exchange ratio of Cu-activated sphalerite, in the absence of 
CaSO4, is 0.52; while in the presence of CaSO4, it is 0.3 and, for Ca(NO3)2, is 3.3. The large 
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decrease in the Cu:Zn value is noted with the addition of CaSO4 to the Cu-activation process, 
indicating a decrease in Cu exchange and demonstrating the inhibitory effect of CaSO4. A larger 
decrease in the Cu:Zn ratio in the presence of CaSO4 in comparison with Ca(NO3)2 could be due to 
gypsum formation in the solution. 
Table 4.4 Binding Energy (BE) and atomic concentrations (Atom %) of the elements identified on 
the sphalerite surface after 10 min contact with 10
-2
 M Ca(NO3)2 at pH 4.6. 
 BE (eV) Atom % 
Zn 2p3/2 1021.7 35.4 
O 1s 531.5 4.3 
O 1s 532.7 1.4 
C 1s C-C Ref. 284.8 22.9 
C 1s C-O 286.2 4.0 
C 1s C=O 288.4 2.1 
S 2p3/2 161.6 20.1 
S 2p1/2 162.8 9.8 
Table 4.5 Binding Energy (BE) and atomic concentrations (Atom %) of the elements identified on 
the sphalerite surface after 10 min contact with 30 mM CaSO4 and 0.1 mM Cu(NO3)2 at pH 4.6. 
 BE (eV) Atom % 
Zn 2p3/2 1021.3 21.6 
Cu 2p3/2 932.1 6.3 
Cu 2p3/2 933.8 0.3 
O 1s 531.6 4.2 
O 1s 532.9 4.3 
N 1s 399.9 1.8 
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C 1s C-C Ref. 284.8 20.6 
C 1s C-O 286.3 7.6 
C 1s C=O 286.2 2.4 
S 2p3/2 161.3 17.5 
S 2p1/2 162.5 8.8 
S 2p3/2 162.6 2.9 
S 2p1/2 163.8 1.5 
Table 4.6 Binding Energy (BE) and atomic concentrations (Atom %) of the elements identified on 
the sphalerite surface after 10 min contact with 30 mM Ca(NO3)2 and 0.1 mM Cu(NO3)2 at pH 4.6. 
 BE (eV) Atom % 
Zn 2p3/2 1021.3 16.7 
Cu 2p3/2 932.1 5.3 
Cu 2p3/2 933.8 0.2 
O 1s 531.6 2.8 
O 1s 532.9 4.6 
O 1s 533.4 5 
Ca 2p3/2 348 0.2 
Ca 2p1/2 351.6 0.1 
C 1s C-C Ref. 284.8 28.5 
C 1s C-O 286.3 8.8 
C 1s C=O 286.2 2.2 
S 2p3/2 161.3 15 
S 2p1/2 162.5 7.5 
S 2p3/2 162.6 2 
S 2p1/2 163.8 1 
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Shown in Figure 4.5 are the high-resolution photoelectron spectra for the S 2p spectrum for 
the sphalerite surface prepared under different conditions. The S 2p spectrum (Figure 4.5a) is fitted 
with one spin-orbit doublet with components at binding energies of 161.5 and 162.7 eV for the S 
2p3/2 and S 2p1/2 peaks, respectively.  
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Figure 4.5 S 2p X-ray photoelectron spectra of sphalerite: (a) Freshly polished; (b) After 10 min 
contact with 0.1 mM Cu(NO3)2 at pH 4.6; (c) After 10 min contact with 30 mM Ca(NO3)2 at pH 
4.6; (d) After 10 min contact with 0.1 mM Cu(NO3)2 + 30 mM CaSO4; (e) After 10 min contact 
with 0.1 mM Cu(NO3) + 30 mM Ca(NO3)2 at pH 4.6. 
Figure 4.5b shows the S 2p spectrum of activated sphalerite conditioned in 0.1mM Cu(NO3)2 
solution at pH 4.6 for 10 min. The spectrum clearly contains two additional S 2p3/2 components 
compared with the corresponding spectra for a fresh surface (Figure 4.5a). BEs of these additional 
components are 162.0, and 163.2 eV. Buckley et al. (1989) suggested that the 161.3 eV component 
represents the S
2-
 species while the S 2p3/2 component at 163.5 eV is representative of the presence 
of S
-
 species. The S 2p3/2 peaks at 162.0 and 163.2 eV could be due to the formation of 
hydrophobic Cu-S like species such as metal deficient sphalerite and polysulphide on the sphalerite 
surface by the activation process. The S 2p3/2 peak at 163.2 eV has a somewhat lower BE than that 
of elemental sulphur, but it is characteristic of the sulphur species with a formal charge of 0 as in 
polysulphides (Buckley et al., 1989). Polysulphides have a chain structurein which the sulphur 
atoms at both ends have a formal charge of -1; while, those in the middle of the chain have a formal 
charge of 0. At least part of the intensity of the 163.2 eV peak may be attributed to the S
0
 species of 
polysulphides.  
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The S 2p spectrum from the sample treated with 10 min exposure to 30 mM Ca(NO3)2 at pH 
4.6 is shown in Figure 4.5c. It is similar to that of polished sphalerite. Figure 4.5d and 5e show the 
S 2p spectrum from the 0.1 mM Cu(NO3)2 activated sphalerite after conditioning for 10 min in 30 
mM CaSO4 and Ca(NO3)2 solutions at pH 4.6, respectively. The spectrum for Cu-activation of 
sphalerite in the presence of CaSO4 and Ca(NO3)2 shows a reduction in S species from three to two 
with the 2 p3/2 components at 161.3 and 162.6 eV when compared with the corresponding spectra 
for Cu-activated surface in the absence of CaSO4 and Ca(NO3)2 (Figure 4.5b).  
However, the intensity of the S 2p component at 162.6 eV (Figure 4.5d and e) (which may be 
due to the S
-
 moiety of polysulphide) is reduced when compared to the case of activation with just 
Cu(NO3)2 solution (Figure 4.5b). This result indicates that the presence of CaSO4 or Ca(NO3)2  can 
decrease the concentration of S components on Cu-activated sphalerite surface. This could be 
because of the decrease in polysulphide formation during activation as a result of the decreased 
Cu:Zn exchange. 
Figure 4.6 shows the Cu 2p spectrum for sphalerite activation after 10 min contact with 0.1 
mM Cu(NO3)2 and after 10 min contact with 0.1 mM Cu(NO3)2 + 30 mM CaSO4 at pH 4.6. The Cu 
2p3/2 spectrum clearly shows the presence of Cu(I) species (932.5 eV and 933.8 eV) (Figure 4.6a). 
The main Cu 2p3/2 component was found at 932.5 eV. On the other hand, Cu(I) in covellite (CuS) is 
known to have two Cu 2p states, separated by 1.1- 1.2 eV, originating from two different Cu(I) sites 
in the structure (Buckley et al., 1989). If Cu
+
 S
-
 was a significant surface compound, an S 2p3/2 peak 
at about 162.1 eV would be expected (Brion, 1980). According to published data, the BE range for 
Cu(I) is broad, ranging from 931.8 eV to as high as 935.0 eV (Buckley et al., 1989; Kartio et al., 
1998), thus requiring the existence of a corresponding S 2p3/2 peak at 162.1 eV to confirm its 
presence (Perry et al., 1984), as found here. Therefore, the activation product is (Cu2)
2+
(S2)
2-
 based 
on the Cu 2p3/2 and S 2p3/2 spectra. 
The Cu 2p region of Cu-activated sphalerite in the presence of CaSO4 (Figure 4.6b) and 
Ca(NO3)2 (Figure 4.6c) show relatively small intensities and small line widths at these binding 
energies, indicating a decrease in Cu concentration on the Cu-activated sphalerite surface in the 
presence of either CaSO4or Ca(NO3)2. 
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Figure 4.6 Cu 2p3/2 X-ray photoelectron spectra of sphalerite: (a) After 10 min contact with 10
-4
 M 
Cu(NO3)2 at pH 4.6; (b) After 10 min contact with 0.1 mM Cu(NO3)2 + 30 mM CaSO4 at pH 4.6; 
and (c) After 10 min contact with 0.1 mM Cu(NO3)2 + 30 mM Ca(NO3)2 at pH 4.6. 
4.5.2.4 COPPER ACTIVATION IN THE PRESENCE OF MAGNESIUM 
XPS spectra of polished sphalerite and sphalerite treated with 10
-4
 M Cu(NO3)2 in the 
presence of 30 mM Ca(NO3)2 or Mg(NO3)2 are shown in Figure 4.7. The inhibiting effect of 
magnesium ions on Cu-activation of sphalerite is clear. There is a decrease in the intensity of the Cu 
peak in the presence of magnesium nitrate in comparison with that from Cu-activated sphalerite in 
the absence of Mg(NO3)2. 
The BEs of elements identified on the surface of sphalerite treated with Mg(NO3)2 are given 
in Table 4. 7. Magnesium was found on the surface at a BE of 51 eV. Due to a lack of N on the 
surface, the presence of Mg could be caused by the electrostatic attraction of the sphalerite surface 
for these ions, but it must be noted that the sample preparation process for XPS analysis could be 
responsible for the partial desorption of Mg ions from the sample surface. This means an atomic 
concentration of 1% could be an underestimate of the true extent of Mg uptake on the sphalerite 
surface under these conditions. It is noted that the Mg 2p peak was used to calculate the quantitative 
value of 1 Atom % Mg at 51eV binding energy as shown in Table 4. 7. However, there is another 
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peak at 310 eV in Figure 4.7 which is Mg KLL Auger (Fuggle and Lasser, 1980) and is due to the 
accompanying Mg 1s peak between 300eV-390 eV. Mg KLL Auger line tends to significantly 
overestimate the amount of magnesium present compared to the quantitative values found from the 
Mg 2p and Mg 2s lines and was not considered here.  
Table 4. 8 shows BEs and atomic concentrations of the elements identified on the sphalerite 
surface after 10 min contact with 30 mM Mg(NO3)2 and 0.1 mM Cu(NO3)2 at pH 4.6. Compared to 
the Cu-activated sphalerite in the absence of Mg(NO3)2 (Table 4.3), the relative atomic 
concentration of Cu in the presence of Mg(NO3)2 decreased from 9.9% to 6.7%. 
 
Figure 4.7 Survey XPS spectra of polished sphalerite and sphalerite treated with 10
-4
 M Cu(NO3)2 
in the presence of 30 mM Ca(NO3)2 or Mg(NO3)2 for 10 min at pH 4.6. 
Table 4. 7 Binding Energy (BE) and atomic concentrations (Atom %) of the elements identified on 
the sphalerite surface after 10 min contact with 30 mM Mg(NO3)2 at pH 4.6. 
 BE Atom % 
Zn 2p3/2 1021.7 17.6 
O 1s 531.5 7.5 
0100200300400500600700800900100011001200
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O 1s 532.7 5.1 
C 1s C-C Ref. 284.8 40 
C 1s C-O 286.2 4.5 
C 1s C=O 288.4 2.4 
S 2p3/2 161.6 14.7 
S 2p1/2 162.8 7.4 
Mg 2p 51 1 
Table 4. 8 Binding Energy (BE) and atomic concentrations (Atom %) of the elements identified on 
the sphalerite surface after 10 min contact with 30 mM Mg(NO3)2 and 0.1 mM Cu(NO3)2at pH 4.6. 
 BE Atom % 
Zn 2p3/2 1021.5 23.1 
Cu 2p3/2 932.3 6.7 
O 1s 531.4 3.4 
O 1s 532.6 3.1 
O 1s 533.2 3.8 
C 1s C-C Ref. 284.8 17.6 
C 1s C-O 286.5 8.8 
C 1s C=O 288.3 2.6 
S 2p3/2 161.4 17.6 
S 2p1/2 162.6 8.8 
S 2p3/2 162.7 3 
S 2p1/2 163.9 1.5 
 
As shown in Figure 4.8a, the S 2p spectrum of the unactivated sphalerite shows one spin-orbit 
doublet with binding energies of the 2p3/2 and 2p 1/2 components at 161.5 eV and 162.7 eV 
respectively, while the same spectra for Cu-activated sphalerite require at least three doublets to fit 
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the measured spectrum as shown in Figure 4.8b. Preparing the sphalerite surface by conditioning 
with 30 mM Mg(NO3)2 at pH 4.6 has no effect on the S components present (Figure 4.8c).  
The S 2p spectrum of the surface after conditioning by 10 min contact with 0.1 mM Cu(NO3)2 
+ 30 mM Mg(NO3)2 at pH 4.6 (Figure 4.8d) resulted in a decrease in the number of S 2p spin-orbit 
doublets from 3, observed in Cu-activated sphalerite (Figure 4. 4b) to 2 (Figure 4. 4d). This lack of 
S 2p species is probably due to the decrease in the Cu:Zn exchange ratio, consequently leading to a 
decrease polysulphide formation. 
Figure 4.9 shows the Cu 2p3/2 spectrum of a sphalerite sample after 10 min contact with 0.1 
mM Cu(NO3)2 (Figure 4.9a) and after 10 min contact with 0.1 mM Cu(NO3)2 + 30 mM Mg(NO3)2 
(Figure 4.9b) at pH 4.6. The Cu 2p spectrum for sphalerite activated using 0.1 mM Cu(NO3)2 
(Figure 4.9a) was fit with two peaks at BEs of 932.2 and 934.6 eV. In the presence of 0.1 mM 
Cu(NO3)2 + 30 mM Mg(NO3)2 (Figure 4.9b), narrow Cu 2p3/2 spectra are present in comparison 
with the spectra from only Cu-activated sphalerite, indicating that Cu-activation of the surface has 
been retarded by magnesium ions. 
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Figure 4.8 S 2p X-ray photoelectron spectra of sphalerite: (a) Freshly polished; (b) After 10 min 
contact with 0.1 mM Cu(NO3)2 at pH 4.6; (c) After 10 min contact with 30 mM Mg(NO3)2 at pH 
4.6; and (d) After 10 min contact with 0.1 mM Cu(NO3)2 + 30 mM Mg(NO3)2 at pH 4.6. 
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Figure 4.9 Cu 2p3/2 X-ray photoelectron spectra of sphalerite: (a) After 10 min contact with 0.1 
mM Cu(NO3)2 at pH 4.6; and (b) After 10 min contact with 0.1 mM Cu(NO3)2 + 30 mM Mg(NO3)2 
at pH 4.6. 
4.5.3 ZETA POTENTIAL MEASUREMENTS 
Figure 4.10 shows the zeta potential of sphalerite in the solutions of different compositions at 
pH 4.6. Sphalerite zeta potential at pH 4.6 is negative at -18±1 mV. This finding correlates well 
with values published in the literature (Davila-Pulido and Uribe-Salas, 2014; Deng et al., 2013b). In 
the presence of Cu(NO3)2, the zeta potential of sphalerite shifts to -36 , a value that is more negative 
and close to the value of covellite (CuS) at pH 4.6 (Fullston et al., 1999; Nduna et al., 2014). This 
seems to confirm the formation of a (Cu
+
)2S2
2-
 layer on the sphalerite surface,  (Cu2)
2+
S2
2-
 is the 
ionic structure of CuS (Hiskey and Wadsworth, 1981).  
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Figure 4.10 Zeta potential of sphalerite in the presence of different solutions (0.1 mM Cu(NO3)2 
or/and 30 mM Ca(NO3)2 or/and 30 mM Mg(NO3)2) at pH 4.6. 
The zeta potential of sphalerite is less negative in the presence of Ca(NO3)2, CaSO4 and 
Mg(NO3)2 solutions than in the absence of these ions. The same trend can be seen after activation in 
the presence of these ions, suggesting that the presence of calcium and magnesium ions may inhibit 
the uptake of Cu on the sphalerite surface, suggesting that there is a competition between calcium 
and magnesium ions with Cu species for the reactive surface sites of sphalerite where adsorption 
occurs. 
4.6 CONCLUSIONS 
The effect of calcium and magnesium ions on Cu-activation of sphalerite was studied by 
contact angle measurements, XPS, and zeta potential measurements. The contact angle results 
obtained at pH 4.6 showed that the presence of either calcium or magnesium ions individually 
decreases sphalerite hydrophobicity caused by Cu-activation. The presence of CaSO4 at a high 
concentration, which exceeded its solubility limit, substantially reduced the contact angle of the 
activated mineral from 67°to 33°. 
Determinations by XPS of the surface composition of Cu-activated sphalerite showed Cu(I) 
formation on the sphalerite surface. Polysulphide formation after Cu-activation was also detected. 
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The results obtained by XPS analysis revealed that the decrease in Cu concentration and 
polysulphide formation on the Cu-activated sphalerite was attributable to the adsorption of ionic 
calcium or magnesium species. It is argued that the migration of Cu ions to the ZnS–H2O interface 
from the bulk solution in the presence of these species be retarded due to competition for adsorption 
between Cu ions and calcium or magnesium ions. Therefore, the presence of calcium and 
magnesium ions by themselves can decrease Cu uptake in the sphalerite activation process, 
probably because of the electrostatic interaction between the ions and the negatively charged 
unactivated sphalerite surface.  
The finding that Cu uptake by sphalerite decreases in the presence of calcium and magnesium 
ions may have significant implications in plant practice. It suggests that removing the effect of these 
ions during activation could be beneficial for the Cu-activation of sphalerite. 
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5.1 ABSTRACT 
Pyrite is a gangue mineral in the flotation of sphalerite activated by copper sulphate (Cu). In 
this study, the attachment of air bubbles onto sphalerite and pyrite surfaces activated by Cu was 
comparatively studied using a novel approach with High-Speed Video Microscopy (HSVM) and X-
ray Photoelectron Spectroscopic (XPS). HSVM allowed for the in-situ determination of the liquid 
film drainage rate (DR) and contact angle (CA) of the bubble-surface attachment. The results 
showed that, after activation, sphalerite became hydrophobic by the formation of polysulphide as 
confirmed by XPS while pyrite remained hydrophilic. With increasing activation time and Cu 
concentration, both DR and CA on sphalerite rapidly increased at the begining, and reached 
constant values, while those on pyrite remained unchanged. The changes in CA values of the 
sphalerite was successfully modelled by considering a second-order rate process for the Cu-
activation which was proportional to initial copper concentration and available Zn active sites on 
the sphalerite surface. If both sphalerite and pyrite were simultaneously exposed to Cu solutions, 
but not in the physical contact, the rate of Cu-activation of sphalerite remained unchanged when the 
ratio of sphalerite to pyrite surface areas exposed to Cu solutions was equal to 1:1. However, the 
activation rate of sphalerite significantly dropped with decreasing the sphalerite:pyrite surface area 
ratio from 1:3 to 1:6. The effect of the surface area ratio on the Cu-activation rate was prominent at 
activation times higher than 3 min. The XPS results for the mixed minerals Cu-activation showed 
the reduction in sphalerite Cu/Zn exchange and polysulphide/Cu ratios with increasing available 
pyrite surface area in Cu solutions, indicating the significant drop in the Cu-activation of sphalerite 
in the presence of pyrite. The outcomes of this study provide further insights into the selective 
flotation of sphalerite from pyrite. 
 
Keywords: sphalerite, pyrite, copper activation, hydrophobicity, XPS 
5.2 INTRODUCTION 
The activation mechanism of sphalerite (ZnS) by copper sulphate (Cu) prior to adsorption of 
xanthate in flotation has been extensively studied in literature (Gerson et al., 1999; Jain and 
Fuerstenau, 1985; Kartio et al., 1998; Prestidge et al., 1997; Ralston and Healy, 1980a, b; Wang et 
al., 1989c). However, sphalerite is not the only sulphide mineral that its flotation behaviour can be 
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affected by the presence of Cu ions. The possibility of inadvertent Cu-activation of pyrite (FeS2), a 
gangue mineral in sphalerite flotation, and its undesirable flotation are the factors accounting for the 
effective separation of sphalerite from pyrite (Dichmann and Finch, 2001; Peng and Grano, 2010; 
Shen et al., 2001; Weisener and Gerson, 2000a). Therefore, the presence of pyrite during sphalerite 
Cu-activation plays a significant role in the process that can affect the kinetics. 
Cu-activation kinetics of sphalerite in the absence of many other minerals has been widely 
investigated (Allison et al., 1982; Chen, 1999; Dávila-Pulido et al., 2012; Finkelstein and Allison, 
1976; Jain and Fuerstenau, 1985; Wang et al., 1989b). Finkelstein and Allison (Finkelstein and 
Allison, 1976) found that sphalerite Cu-activation took place in two stages. The first stage was 
limited to a few monolayers, it was rapid, taking less than a second, and was dependent on the 
proerties of the Cu solution. Detailed studies of Cu-activation kinetics of sphalerite were conducted 
by Ralston and Healy (Ralston and Healy, 1980a, b) with a Cu-selective electrode disclosed that, at 
pH ranges 4 to 6.5, Cu uptake displayed a clear linear dependence on the logarithmic scale of 
activation time for the initial, rapid activation step, which lasted up to 1.5 minutes. After the initial 
activation step, they observed that Cu-uptake data depended closely on logarithmic time in the 
interval 1.5 to 15 minutes i.e. Γ = k log10t + constant. After 15 minutes, the rate equation no longer 
applied. 
Pugh and Tjus (1987) studied the kinetics of CS activation of sphalerite by measuring zeta 
potentials as a function of aging time after 20 min activation in a copper hydroxide solution. They 
observed charge reversal on the sphalerite surface due to the accumulation of copper hydroxide 
species on the sphalerite surface between pH=6 and pH=8. However, the copper hydroxide coating 
on sphalerite surface was depleted over a period. It was reflected by the reduction in positive zeta 
potential, and the sphalerite surface would be eventually converted into copper sulphide. The 
decrease in the zeta potential was found to be a linear function of the square root of time (parabolic 
kinetics) and a function of the ratio of Cu ion concentration to the total surface area of sphalerites. 
Wang et al. (1989b) also investigated sphalerite activation with Cu ions in acidic and neutral pH 
media. It was concluded that the parabolic second stage starts after about 5 min, whereas the rate of 
the second stage was unaffected by the pH value of the solution but the rate of the first stage 
increased when the pH was raised from 5 to 6. Chen et al. (1999) used the electrochemical method 
to study Cu-uptake kinetics at acidic and neutral pHs based on the intensity of the anodic peak 
arisen from Cu-activation of sphalerite. They also confirmed the two stages of activation 
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mechanism with the rapid first stage taking up to 10 minutes; followed by a  slow second stage. At 
acidic pH, about 5 Cu monolayers was formed after about 30 minutes. Under the neutral pH 
condition, the Cu uptake was very fast for the first 10 minutes and then reached saturation, 
approximately equivalent to 2.5 monolayers of Cu. A second order model reported by Finkelstein 
(Finkelstein, 1997) for Cu-activation of sphalerite was applied by Dávila-Pulido et al. (Dávila-
Pulido et al., 2012) to study the kinetics of Cu-activation of sphalerite. They confirmed that the 
activation kinetics obeyed the second order model. 
Despite comprehensive studies on Cu-activation of sphalerite, there is a relative paucity of 
comparative studies into the Cu adsorption kinetics of mixed sphalerite and pyrite, and the possible 
competition between sphalerite and pyrite for Cu. This paper focuses on the probable competition 
between sphalerite and pyrite during Cu-activation, using in-situ HSVM and XPS techniques to 
monitor hydrophobicity, surface components of sphalerite after Cu-activation in the presence of 
pyrite with the different surface area and their attachment kinetics. This study aims to gain a better 
understanding of the effect of pyrite on the Cu-activation kinetics of sphalerite and the selective 
flotation of sphalerite. 
5.3 EXPERIMENTAL 
5.3.1 MINERAL AND REAGENTS 
The sphalerite and pyrite samples were obtained from Wards Scientific (USA). They were cut 
into 5mm×5mm sections and were mounted in a resin to the end of a small plastic tube. The 
exposure area of the final polished mounted section was 25 mm
2
. Water used for reagent 
preparation and experiments was purified using a reverse osmosis RIO’s unit and an Ultrapure 
Academic Milli-Q system (Millipore). The specific resistance of the Milli-Q water was 18.2 MΩ 
cm
-1
. CuSO4 (99 %, Sigma-Aldrich) was used to activate the sphalerite and pyrite. 
5.3.2  METHODOLOGY 
5.3.2.1 IN-SITU LIQUID FILM DR AND CONTACT ANGLE MEASUREMENTS 
The experimental setup is shown in Figure 5.1. High-speed camera video microscopy 
(HSVM) (Fastcam SA3, Photron, USA) was used to monitor the interaction between a freely rising 
bubble and the mineral surface. The interaction was recorded at a high frame rate of 10,000 fps. A 
needle with 0.184 mm inner diameter was connected to a syringe infusion pump to generate a 
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bubble with 1 mm diameter inside the cuvette of 1cm×1cm×5cm (Figure 5.1). The pump was 
operated at the pumping rate of 25 mL/h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Schematic of the liquid film drainage monitoring and contact angle measurement 
apparatus. 
Before each experiment, the prepared mineral samples were wet polished using #1200 
polishing paper for 1 min to produce a freshly smooth and clean mineral surface. Polished samples 
were then immersed into the measurement cuvette filled with desired solution (e.g., CuSO4) and, 
after a given activation time, a bubble was generated with the pump. Interaction of the bubble with 
the mineral surface was monitored and recorded. In the experiments with both sphalerite and pyrite 
minerals present in the solution, small pieces of polished pyrite with the required surface area 
exposed to solution were plunged into the cuvette at the same time as the polished sphalerite 
sample. 
5.3.3 XPS 
The XPS was carried out using a Kratos Axis ULTRA XPS incorporating a 165mm 
hemispherical electron energy analyser. Monochromatic Al Kα X-rays (1486.6eV) at 225W (15kV, 
High speed camera 
Solution 
Sphalerite or pyrite 
Bubble 
Syringe pump 
Light source 
Needle 
PC 
Pyrite used for 
experiments with 
sphalerite 
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15mA) were the incident radiation. Survey (wide) scans were taken at an analyser pass energy of 
160eV and multiplex (narrow) high-resolution scans at 20eV. Survey scans were carried out over 
1200-0eV binding energy range with 1.0eV steps and a dwell time of 100ms. Narrow high-
resolution scans were run with 0.05ev steps and 250ms dwell time. Base pressure in the analysis 
chamber was 1.0 × 10
-9
 torr and during sample analysis 1.0 × 10
-8
 torr. 
The minerals were wet polished by polishing paper #1200 grit and cleaned with ethanol an 
Milli-Q water. The cleaned samples were activated with CuSO4 for 10 min. The samples were then 
rinsed with Milli-Q water and dried with nitrogen gas before transferring to the XPS chamber. For 
Cryogenic-XPS, the prepared samples pre-cooled to -165 °C and the analytical chamber of XPS 
was also -165 °C during the analysis. The cooling stage (Cryo-XPS) was applied using liquid 
nitrogen to reach -165 °C to avoid evaporation of elemental sulphur in a high vacuum condition.  
Atomic concentrations were calculated using the CasaXPS version 2.3.14 software and a 
Shirley baseline with Kratos library relative sensitivity factors. Peak fitting of the high-resolution 
data was also carried out using the CasaXPS software. Spectra have been charge corrected using the 
main line of C 1s spectrum photoelectron peak (adventitious carbon) as an internal reference to 
account for sample charging, with an assigned BE of 284.8 eV. 
5.4 RESULTS AND DISCUSSION 
5.4.1  SINGLE MINERALS CU-ACTIVATION KINETICS STUDIES 
5.4.1.1 DR 
The attachment of hydrophobic particles to air bubbles is a well-known process in froth 
flotation. A few steps involved in the bubble-particle interaction in flotation are identified. HSVM 
videos of bubble-mineral interactions show that there are three steps in a bubble-mineral surface 
interaction, including (1) the formation of a liquid film between the bubble and the mineral (2) the 
thinning of liquid film and bubble spreading on the mineral surface (3) the attachment and bubble 
relaxation on the mineral surface, as shown in Figure 5.2. 
When the bubble is far away from the surface, the so-called long-range hydrodynamic force 
strongly affects the bubble approaching the mineral surface (Nguyen and Schulze, 2004b; Ralston et 
al., 2002a). When the bubble and surface are at proximity (less than 100 nm), the bubble-mineral 
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interactions are controlled by the short-range hydrodynamic force and colloidal forces (Nguyen and 
Schulze, 2004a; Ralston et al., 2002b) 
 
   
Figure 5.2 Bubble-mineral attachment steps: (a) formation of a liquid film; (b) thinning of liquid 
film and bubble spreading on the mineral surface; and (c) bubble attachment and relaxation. The 
sphere-equivalent diameter of the bubble is 1 mm. 
Colloidal forces can affect bubble-solid, liquid-film thinning significantly (Nguyen and 
Firouzi, 2012; Parkinson and Ralston, 2011; Pugh and Yoon, 1994; Tjus et al., 1988; Xie et al., 
2015; Yoon, 2000). To define the interaction between air bubble and solid surface and liquid film 
DR, a theoretical model based on the classical Stefan-Reynolds theory was applied to planar 
parallel and tangentially immobile film surfaces (Nguyen and Schulze, 2004b): 
3
2
2 2
   П
3  b
h h
t R R


 
   
  
                                                                                                          5.1 
Where, h is the film thickness,   is the viscosity,   is the surface tension, R is the radius of the 
liquid film, Rb is the bubble radius and   is the (disjoining) pressure of colloidal forces. Eq. (5.1) 
shows that attractive colloidal forces increase the DR and repulsive ones decrease it.  
Colloidal forces are divided into two components: DLVO (Derjagin–Landau–Verwey–
Overbeek) and non-DLVO forces (Israelachvili, 2005). The DLVO interactions comprise the van 
der Waals and Electrical Double Layer (EDL) interactions. The non-DLVO forces include the 
steric, hydrophilic and hydrophobic interactions (Israelachvili, 2005; Mishchuk, 2011; Nguyen and 
Schulze, 2004b; Parkinson and Ralston, 2011). For bubble and Cu-activated sphalerite/pyrite 
(a) (b) (c) 
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interactions, the van der Waals forces are repulsive but weak and short-ranged. However, the EDL 
interactions are repulsive as the bubble surface charge is negative (Jia et al., 2013; Laskowski et al., 
1989; Li and Somasundaran, 1993), and Cu-activated sphalerite and pyrite are also negatively 
charged at neutral pH (Ejtemaei et al., 2016). The presence of salts, (i.e., CuSO4) in Cu-activation 
of sphalerite can decrease the thickness of EDL and weaken the EDL effect (Israelachvili, 2005). 
Therefore, DLVO forces cannot explain the attachment of bubble onto the hydrophobic mineral 
surface. 
Regarding the non-DLVO forces, hydration forces are repulsive forces between hydrophilic 
surfaces and hydrophobic forces are attractive forces between hydrophobic surfaces. The hydration 
force is short-ranged (Israelachvili, 2005). Hydrophobic attractions are strong and critical to the 
bubble-particle attachment. Hydrophobic forces between macroscopic (solid) hydrophobic surfaces 
have been found to increase with the hydrophobicity of the surfaces, as conventionally described by 
the water contact angle. Also, it has been confirmed that hydrophobic decay length is in the rangion 
of about 20-50 nm in water (Pugh and Yoon, 1994).It has been accepted that Cu-activation of 
sphalerite is associated with hydrophobic species formation on the mineral surface, e.g.., elemental 
sulphur. Hence, the hydrophobic attraction forces between Cu-activated sphalerite and bubble can 
increase liquid film DR to obtain successful mineral-bubble attachment. 
The experimental setup shown in Figure 5.1 was used to estimate the rate of liquid film 
drainage using the HSVM technique with very high frame rate (10000 fps). After recording the 
videos of the bubble-mineral contact at 10000 fps, the images were extracted from the recorded 
video by PFV software. ImageJ software was then applied to perform image analysis. As can be 
seen from Figure 5.3, when the liquid film thickness was about 0.1 mm (Figure 5.3a), the liquid 
film drainage was examined and the counting time was started and continued until spreading of 
contact radius was maximum (Figure 5.3d). The distance between the needle and the mineral 
surface and the size of generated bubbles were kept constant to minimise the influence of capillary 
pressure on the liquid film DR. 
As the proposed first and second steps, image analysis from HSVM records reveals that liquid 
film thinning and bubble spreading rates on the mineral surface significantly increases with 
increasing Cu-activation concentrations and time. This behaviour is the result of the development of 
hydrophobic species on the treated mineral surface. Consequently, a stronger hydrophobic attraction 
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force between the mineral surface and the bubble leads to a faster liquid film DR. It is the link 
between the change in the hydrophobicity of the mineral surface and the DR. 
 
  
  
Figure 5.3 Sequence of images (2 ms apart) showing: (a) a start (at the thickness of 0.1 mm) of 
counting the liquid film drainage time; (b) a thinning liquid film at the first contact; (c) a spreading 
of bubble contact on the mineral surface; and (d) a maximum spreading stage of maximum contact 
radius, which was considered as a last moment of the liquid film drainage time measurements. The 
bubble-mineral-water contact at this point was used for contact angle measurements. 
Figure 5.4 shows the effect of activation time and initial CuSO4 concentration on DR for the 
sphalerite and pyrite. The DR of 0.083 mm/ms was obtained for polished pyrite-bubble interaction 
in water, while 0.090 mm/ms was obtained for the polished sphalerite-bubble interaction. The 
slower liquid film DR of pyrite can be attributed to the higher oxidation rate of pyrite and more 
hydrophilic hydroxide species formation on pyrite surface in comparison with sphalerite (He et al., 
2006; Shen et al., 2001). The results also reveal that Cu-activation of pyrite has no tangible effect 
on DR, indicating no hydrophobic components formation on the Cu-treated pyrite surface.  
Liquid film 
(0.1 mm) 
 
Sphalerite 
(a) 
Bubble 
(b) 
(c) (d) 
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However, Cu-activated sphalerite displays an increasing trend of DR with increasing the 
activation time. It can mean that, as activation time progresses, more hydrophobic species are 
formed on the mineral surface. The recorded maximum DR of 0.142 mm/ms can be assigned to the 
maximum formation (amount) of hydrophobic species formed on the sphalerite surface which likely 
corresponds to the maximum amount of Cu uptaken from the solution. It can be seen that initial Cu 
concentration has a significant effect on the activation kinetics. For 1 mM CuSO4 concentration, the 
Cu-activation required almost 5 min to reach the DR plateau at around 0.14 mm/ms. While after 5 
min of activation time, the maximum DR are about 0.13 and 0.12 mm/ms for 0.1 mM and 0.01 mM 
CuSO4, respectively. For solutions of lower Cu concentrations, the DRss required a longer time to 
reach the plateau at the low values.  
 
Figure 5.4 Effect of activation time and CuSO4 concentration on the DR of the liquid film on the 
sphalerite and pyrite surfaces at neutral (unadjusted) pH. 
5.4.1.2 CONTACT ANGLE 
The contact angle in mineral bubble interaction is determined by properties of the mineral 
surface and its interaction with air and water. Those interactions are defined by cohesive and 
adhesive forces. In the case of Cu-activated sphalerite, with increasing hydrophobic species on the 
mineral surface, the hydrophobic attraction between bubble and mineral should be stronger than 
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attraction forces between water molecules and the mineral. Consequently, the bubble can repel 
water molecules and occupy the mineral surface, leading to a high contact angle between the bubble 
and the mineral surface. It is confirmed, for the case of Cu-activated sphalerite, as shown below.  
The contact angle also changes with the dynamics of bubble-surface attachment, i.e., the 
spreading of the bubble-surface contact radius (area). It was found that the contact angle measured 
at the maximum bubble spreading occurred at maximum contact radius (Figure 5.5) and could 
consistently characterise the bubble-mineral attachment. Therefore, this contact angle has been 
determined and reported in this paper. 
 
 
Figure 5.5 Contact angle at the maximum spreading of contact radius was measured and reported. 
In the activation of sphalerite by Cu, the second-order kinetics is anticipated since the rate of 
Cu adsorption is proportional to the concentration of Cu in solution and the available Zn sites on the 
sphalerite surface. Therefore, we have: 
  2 .
surface
dx
Zn Cu
dt
                                                                                                              5.2 
Where, x is the amount of Cu adsorbed onto the mineral surface, [Cu
2+
] is the concentration of Cu 
in the solution, and [Zn]surface is the “concentration” of available Zn sites in the sphalerite surface 
that could undergo ionic exchange and therefore have not been replaced by Cu ions at time t. Mass 
balancing also gives: 
2 2
0
 Cu Cu x          and    maxsurfaceZn x x  , where 
2
0
Cu     is the initial 
Sphalerite 
Solution 
Bubble 
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concentration of Cu and  maxx  is the maximum amount of Cu adsorbed on the sphalerite surface. 
Therefore, Eq. (5.2) gives 
  2max 0
dx
k x x Cu x
dt
                                                                                                    5.3 
where, k is the rate constant. Integrating Eq. (5.3) yields: 
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Since maximum Cu adsorption and the actual amount of adsorbed Cu are much smaller than initial 
Cu concentration, Eq. (5.4) can be simplified to give a pseudo-first order rate. It can be described as 
follows: 
  2
0
exp1maxx x k Cu t
                                                                                                 5.5 
If it is assumed that the rate of Cu adsorbed onto the sphalerite surface is proportional to the rate of 
the contact angle growth, the following proportionality results: 
  
d dx
dt dt

                                                                                                                                  5.6 
It is noted that 𝑥𝑚𝑎𝑥  ∝  𝜃𝑚𝑎𝑥, where 𝜃𝑚𝑎𝑥 is the maximum observed contact angle. Inserting Eq. 
(5.5) into Eq. (5.6) gives: 
  2
0
exp1max k Cu t 
                                                                                                            5.7 
Eq. (5.7) fits the experimental results very well (see Figure 5.6). The parameters of the best fit are 
shown in Table 5.1. 
Table 5.1 Parameters of Eq. (5.7) obtained by best fit with the experimental results for contact angle 
for different initial CuSO4 concentrations at neutral pH.  
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CuSO4 (mM) Rate constant, k (s
-1
 M
-1
) 
max  (°) 
0.01 0.166 22.7 
0.1 0.246 23.3 
1 0.495 23.0 
 
It is noted that the contact angle increases as the activation time progresses, representing 
higher Cu adsorption on the mineral surface. The adsorption kinetics is significantly affected by 
initial Cu concentration at first 7 min of the activation time. The results show that, by increasing 
initial Cu concentration from 0.01 to 1 mM, the contact angle exhibits a significant increase from 
12° to 21° after 5 min activation but, after 10 min activation, the effect of initial Cu concentration is 
not substantial. This shows the maximum amount of hydrophobic species formation on the mineral 
surface occurs during first 10 min of the activation time. It can also be seen that there is a good 
correlation between experimental and calculated contact angles using Eq. (5.7). Indeed, Cu-
activation of sphalerite follows the pseudo-first order reaction rates and the activation kinetics is 
proportional to initial Cu concentration and available Zn sites on the mineral surface. 
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Figure 5.6 Effect of contact time and CuSO4 concentrations on the contact angle of sphalerite at 
neutral pH. The contact angle was measured at the maximum contact radius. The lines describe the 
best fit of the second-order kinetics model by Eq.(5.7). 
 
5.4.2  MIXED SPHALERITE-PYRITE CU-ACTIVATION 
5.4.2.1 DR   
Different ratios (1:0, 1:1, 1:3, and 1:6) of sphalerite to pyrite surface areas exposed to Cu 
solutions during Cu-activation were investigated. Figure 5.7 displays the DR between the bubble 
and sphalerite while the activation was carried out. Single sphalerite Cu-activation (1:0) and the 
activation of sphalerite in the presence of the same available surface area of pyrite (1:1) in 0.1 mM 
CuSO4 solution display practically the same trend for DR. It also shows that Cu adsorption rate on 
sphalerite is higher than on pyrite in the 1:1 mixed system and exposure of this amount of pyrite 
surface area has no noticeable effect on the sphalerite Cu-activation rate. However, with increasing 
the surface area ratio to 1:3 and 1:6 in the Cu solution, the liquid film drained slowly due to the 
lowering the amount of hydrophobic species on the sphalerite surface in comparison with 1:1 
surface area ratio at the corresponding time. As shown in Figure 5.1, after 10 min activation time, 
the DR drops from 0.14 mm/ms for 1:1 ratio to 0.13 and 0.12 mm/ms for 1:3 and 1:6 ratios, 
respectively. 
Pyrite Cu-activation is related to the available active sites (S
2-
) on the mineral surface 
(Ejtemaei and Nguyen, 2016a). It can be concluded that Cu adsorption amount on pyrite surface 
increases with increasing pyrite active S
2-
 sites relatively to sphalerite active Zn sites. Available 
surface active sites of sphalerite and pyrite can be calculated based on the idea that sphalerite and 
pyrite surface is composed predominantly of 110 cleavage faces. In sphalerite, each of cleavage 
faces has two Zn sites per unit of surface 7.64 × 5.40 Å
2
 that can undergo ion exchange reaction 
with Cu.  Therefore, available Zn sites can be estimated from the sample surface area. The used 
sphalerite sample surface area was 25 mm
2
, hence available Zn site on sphalerite surface is about 
12.4×10
6
 sites. As S
2-
 sites are produced from the rupture of S-S bonds on the pyrite surface during 
Cu-activation through electrochemical interactions (Wang et al., 2013), the available S
2-
 sites 
should be considered as active sites in pyrite Cu-activation. There is only one S
2-
 site per unit of 
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surface 7.65 × 5.41 Å
2
 along 110 cleavage faces. For 25 mm
2
 pyrite sample surface area, the 
amount of S
2-
 sites is about 6.04×10
6
. As can be seen, the same surface area equates to the available 
sites on pyrite being about half of on sphalerite those. It should also be noted that, due to the 
oxidation of S
2-
 sites, not all available active sites could take part in an electrochemical reaction 
with Cu ions. Therefore, polishing and Cu-activation of pyrite under reducing conditions can 
minimise S
2-
 oxidation from fractured pyrite surface. Therefore, more S
2-
 active sites remain for Cu-
activation of sphalerite thereby potentially increasing sphalerite Cu-activation dramatically. 
  
Figure 5.7 Effect of surface area ratios of sphalerite to pyrite exposed to 0.1 mM CuSO4 solutions 
(neutral pH) on the DR of the liquid film between an air bubble and a sphalerite surface.  The start 
of film drainage was off-set to the thickness of 0.1 mm. 
5.4.2.2 CONTACT ANGLE 
The Cu-activation of mixed sphalerite and pyrite in 0.1 mM CuSO4 solution was carried out 
with 1:0, 1:1, 1:3, and 1:6 sphalerite:pyrite surface area ratios. By using contact angle data for 
different sphalerite:pyrite mixture ratios in 0.1 mM CuSO4 solution, the rate constant of the 
activation was calculated to predict the contact angle by proposed model described by Eq. (5.7). 
The best fitting details for the different available surface area ratios of mixed minerals are shown in 
Table 5.2. The rate constant for different surface area ratios indicates that with increasing pyrite 
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surface area from 1:0 to 1:6, the activation rate dropped from 0.25 to 0.10 s
-1
M
-1
, respectively, 
signifying a lower Cu-activation rate of sphalerite in the presence of pyrite with larger surface area 
exposed to the solution. 
The experimental and calculated contact angles of sphalerite in different sphalerite:pyrite 
surface area ratios are shown in Figure 5.8. For the first 3 min of the activation time, the results 
show no significant difference between contact angles of different sphalerite:pyrite surface area 
ratios. It may be due to the higher Cu adsorption rate of sphalerite in comparison with pyrite for the 
first 3 min that results in the weak effect of available pyrite surface area on the sphalerite activation. 
However, available pyrite surface area showed a significant effect at Cu-activation times longer 
than 3 min. The contact angles obtained from modelling show a good correlation with experimental 
results, revealing that Cu-activation of sphalerite obeys the pseudo-first order reaction rates, 
especially for copper activation times longer than 3 min.  
Contact angle results also confirm the results of liquid film drainage, i.e., increasing pyrite 
proportion in the two minerals system consumes more Cu from the solution, making adsorption 
kinetics slower for Cu-activation of sphalerite. Moreover, these results also confirm the idea that 
pyrite Cu-activation rate is related to the available S
2-
 sites on the mineral surface, i.e., with 
increasing pyrite surface area, the increase in S
2-
 sites can uptake more Cu ions from solution. 
Table 5.2 Parameters of Eq. (5.7) obtained by best fit with the experimental results for contact 
angles with different ratios of sphalerite to pyrite surface areas exposed to 0.1 mM CuSO4 solutions 
at neutral pH.  
Surface area ratio Rate constant, k (s
-1
 M
-1
) 
max  (°) 
1:0 0.25 23.3 
1:1 0.25 23.0 
1:3 0.18 22.7 
1:6 0.10 21.9 
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Figure 5.8 Effect of the surface area ratio of sphalerite to pyrite exposed to 0.1 mM CuSO4 
solutions on the contact angle of sphalerite at neutral pH. The lines describe the best fit of the 
second-order kinetics model by Eq. (5.7). 
5.4.2.3  XPS STUDIES 
To validate the results of liquid film drainage and contact angle studies for the experiments 
with different ratios of sphalerite to pyrite surface areas exposed to Cu solutions, XPS was used to 
investigate surface component of Cu-activated sphalerite in the presence of pyrite. Table 1 shows 
Cu/Zn exchange and polysulphide/Cu ratios on 10 min Cu-activated sphalerite surface in the 
presence of different pyrite surface areas and initial CuSO4 concentrations. 
High-resolution XPS from single sphalerite Cu-activation with 0.1mM CuSO4 shows CuS 
formation on the mineral surface with associated Cu
+
 peak at 932.4 eV and S
-
 doublet at 162.7 and 
164 eV (Wang et al., 2013). It has been proposed that both elemental sulphur and metal-deficient 
sulphide can increase the hydrophobicity of the mineral surface (Dávila-Pulido et al., 2012; 
Ejtemaei et al., 2016; Wang et al., 2013). Hence, polysulphide (Sn) formations at different 
conditions are monitored to establish a link to the hydrophobicity of the Cu-activated sphalerite 
which was used in liquid film drainage and contact angle studies. 
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As there is an overlapping of elemental sulphur and metal-deficient sulphides 2p peaks, those 
sulphides related to bulk ZnS and CuS formation are deducted from the total identified sulphides 
and the remaining sulphides was generally marked as polysulphides (Sn) that are possibly 
responsible for increasing the hydrophobicity of the activated sphalerite. Since Cu-activation of 
sphalerite is an ion exchange reaction between Zn and Cu, the Cu/Zn ratio was accordingly 
calculated to describe the activation rate. It has been supposed that, with increasing Cu/Zn exchange 
ratio, polysulphide formation should increase alnog with the hydrophobicity. The Cu/Zn and Sn/Cu 
ratios at different ratios of sphalerite:pyrite surface area and initial CuSO4 concentration at 10 min 
treatment are given in Table 5.3.  
The Cu-activation results reveal that Cu/Zn exchange ratios for single sphalerite and mixed 
sphalerite:pyrite with 1:1 surface area ratio are very close, i.e., 0.46 and 0.44, respectively. It means 
that Cu adsorption rate is higher for sphalerite rather than pyrite in the same available 
sphalerite:pyrite surface area. However, with increasing available pyrite surface area to 1:6 
sphalerite:pyrite ratio, the Cu/Zn ratio drops to 0.34, indicating lower Cu adsorption rate on the 
sphalerite surface with increasing pyrite proportion during 10 min activation time. Initial Cu 
concentration was also doubled (from 0.1 mM to 0.2 mM) to investigate the effect of chemical 
strength with the available surface area on the Cu-activation of the minerals. In 1:1 available surface 
area and doubled initial Cu concentration (0.2 mM), Cu/Zn ratio is 0.61 and shows that keeping 
chemical strength constant leads to a more Cu adsorption on the sphalerite. 
Table 5.3 Cu/Zn exchange and Sn/Cu ratios on Cu-activated sphalerite surface in the presence of 
pyrite with different ratios of sphalerite to pyrite surface areas exposed to the CuSO4 solutions at 
neutral pH. 
Surface area ratio CuSO4 (mM) Cu/Zn ratio Sn/Cu ratio 
1:0 0.1 0.46 0.98 
1:1 0.1 0.44 0.90 
1:6 0.1 0.34 0.59 
1:1 0.2 0.61 1.2 
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The ratio of Sn/Cu was applied to compare Sn formation on the surface.  It can be seen from 
Table 5.3 that the number of hydrophobic species (Sn) decreases with increasing pyrite proportion 
in a mixed minerals activation condition. However, in 1:1 sphalerite:pyrite condition increasing 
initial Cu concentration from 0.1 to 0.2 mM leads to an increase in Sn/Cu ratio to 1.2. It can also be 
concluded that increasing Cu adsorption on sphalerite surface leads to increasing Sn formation. 
5.5 CONCLUSIONS 
The bubble-mineral interactions recorded by HSVM have confirmed that the successful 
attachment of bubbles onto sphalerite activated by CuSO4 involves three steps, namely: (1) a liquid 
film formation between the bubble and the mineral surface; (2) a liquid film thinning and bubble 
spreading on mineral surface; and (3) the attachment and bubble relaxation on the mineral surface.  
The image analysis of the recorded bubble-mineral interactions at different Cu-activation 
condition of sphalerite has shown that the liquid film thinning rate from planar liquid film formation 
step to the maximum bubble spreading step or the contact angle formed at the maximum spreading 
step could be used to monitor the hydrophobicity of the treated mineral in-situ. The liquid film 
drainage and contact angle results have shown that activation of pyrite by copper sulphate has no 
effect on the liquid film DR or bubble-pyrite contact angle. It means that hydrophobic species 
cannot be formed on the Cu-activated pyrite surface which is opposite to the case of Cu-activation 
of sphalerite.   
The liquid film drainage studies have shown that the time required to reduce the drainage 
time, which is indicative of maximum Cu adsorption on the sphalerite surface, increases with 
decreasing CuSO4 concentration. For initial CuSO4 concentrations of 1 and 0.01 mM, the plateau of 
maximum drainage time was attained at 5 and 20 min, respectively. The bubble-mineral contact 
angle also exhibited the same trend of liquid film drainage time. Applying the second-order reaction 
kinetics model, which links the measured contact angle with Cu adsorption rates, has revealed that 
the adsorption rate followed a second-order rate law. This confirms the dependence of the 
adsorption rate on initial Cu concentration and available Zn sites on the mineral surface. 
Effect of different ratios of sphalerite to pyrite surface areas exposed to Cu solutions on 
bubble-surface attachment was studied by taking advantage of the in-situ HSVM technique and 
XPS. The liquid film drainage and contact angle methods have shown a similar decreasing trend of 
Cu adsorption onto the sphalerite surface with increasing available pyrite surface area exposed to 
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Cu solution. XPS results have also confirmed the decreasing Cu/Zn and Sn/Cu ratios with increasing 
pyrite proportion in the two mineral systems. 
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6.1 ABSTRACT 
Kinetic studies of adsorption of Amyl Xanthate (AX) and bubble attachment to CuSO4 (Cu) 
activated sphalerite and pyrite surfaces in the presence of amyl xanthate were investigated by a 
novel in-situ approach with High-Speed Video Microscopy (HSVM) and Cryogenic X-ray 
Photoelectron Spectroscopic (Cryo-XPS). The rate of AX adsorption onto the mineral surfaces was 
linked with the drainage rate (DR) of thin films between the bubble and the surfaces. The single 
minerals studies revealed that the adsorption rate of AX on polished pyrite was higher than on 
polished sphalerite after treatment with AX. However, AX adsorption rate exhibited a higher value 
on the activated sphalerite than on the activated pyrite, indicating different surface components 
formed on the minerals surfaces and their different abilities to uptake Cu ions. Modeling AX 
adsorption rate on the unactivated and activated minerals by a pseudo-first order rate equation 
revealed the dependence of the adsorption rate on the initial AX concentration and the available 
active sites on the minerals surfaces. For the two minerals system, Cu-activation and AX treatment 
results showed a significant drop in the adsorption rate of AX on the activated sphalerite with 
increasing the sphalerite to pyrite surface area ratio from 1:1 to 1:6. It confirmed the dependency of 
the AX adsorption rate on the available active sites. It was confirmed by Cryo-XPS that Cu-
xanthate complex on the Cu-activated sphalerite and dixanthogen on the Cu-activated pyrite were 
the dominant surface components after treating with AX. It showed a selectivity of AX on the 
activated sphalerite with chemisorbed Cu-xanthate formation. However, consumption of AX with 
Cu-activated pyrite in the form of dixanthogen as well as Cu- or Fe-xanthate complexes was 
inevitable, especially when the available pyrite surface area was high in the mixed mineral system. 
 
 
Keywords: Sphalerite, pyrite, amyl xanthate, hydrophobicity, kinetic, XPS 
6.2 INTRODUCTION 
Sphalerite is naturally an insulator with a band gap of 3.5 eV. Activation by Cu(II) results in 
the formation of a CuS-type conducting layer (with the band gap as low as 1.1 eV) on the sphalerite 
surfaces (Fornasiero and Ralston, 2006; Kartio et al., 1998). This reduced band gap aids in electron 
transfer reactions and allows the thiol collectors to form an insoluble collector complex on the 
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sphalerite surface through mixed potential electrochemical reactions (Buckley et al., 1989; Kartio et 
al., 1998). Ab initio cluster model calculations have also shown that Cu atoms are incorporated into 
the sphalerite lattice enhance the electron acceptor ability of sphalerite (Porento and Hirva, 2005). 
It has been accepted that Cu(I)-xanthate is the major surface species responsible for 
hydrophobicity of Cu-activated sphalerite (Leppinen, 1990; Mielczarski et al., 1989; Mikhlin et al., 
2016b; Nefedov et al., 1980; Pattrick et al., 1999; Perry et al., 1984; Popov and Vucinic, 1990b; 
Porento and Hirva, 2005; Prestidge et al., 1994; Terms and Richardston, 1986; Wang et al., 2013). 
However, dixanthogen adsorption is more prevalent on unactivated sphalerite (Pattrick et al., 1999) 
or when the Cu(II) concentration is low (Leppinen, 1990). Popov and Vucinic (1990b) showed that, 
in acidic conditions, Cu(I)-xanthate was the dominant species when the time of activation was only 
2 min. The amount of Cu(I)-xanthate reduced when the activation time was prolonged from 2 to 45 
min at a constant CuSO4 concentration. For a short time of activation (2 min), i.e., under the rapid 
uptake regime, the increase in CuSO4 concentration resulted in a higher amount of Cu(I)-xanthate 
formation on the sphalerite surface. However, Cu(I)-xanthate production was not higher with an 
increase in CuSO4 concentration when the activation time was prolonged to 15 min. A long-time 
activation obviously involved migration of Cu ions under the sphalerite surface, a reduction of 
Cu(II) ions in solution, and consequently, a reduced formation of surface Cu(I)-xanthate. 
It was also reported that, after Cu-activation of sphalerite in alkaline media, an exchange 
reaction between Cu(OH)2(surface) and X
-
 ions leads to CuX2(surface) formation on the mineral surface, 
and subsequent decomposition of CuX2(surface) forms Cu(I)-xanthate and dixanthogen (Fornasiero 
and Ralston, 1992; Mielczarski et al., 1979; Prestidge et al., 1994). The similar reaction could 
happen between Fe(OH)2(surface) and X
-
 ions in pyrite flotation using thiol collectors (Fornasiero and 
Ralston, 1992). However, the available literature (Fornasiero and Ralston, 1992; Leppinen, 1990; 
Mikhlin et al., 2016a; Wang and Forssberg, 1991) proposes that the dixanthogen would be the main 
surface product of the interaction of xanthate with pyrite. 
Cu-activation and subsequent collector adsorption kinetics (Dávila-Pulido et al., 2012; 
Ejtemaei and Nguyen, 2016b; Ralston and Healy, 1980a, b) have been studied extensively. 
However, the presence of both sphalerite and pyrite minerals in solution can change the competition 
on Cu-activation and collector adsorption. In this present work, a novel technique for in-situ studies 
of drainage of liquid films and attachment, used in conjunction with XPS method, has been applied 
to investigate and compare the adsorption rate of amyl xanthate on single and combined sphalerite 
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and pyrite minerals activated by CuSO4. This study provides a better understanding of the effect of 
pyrite on xanthate adsorption rate of Cu-activated sphalerite. 
6.3 EXPERIMENTAL 
6.3.1 MINERAL AND REAGENTS 
The sphalerite and pyrite used in our studies were obtained from Wards Scientific (USA). 
They were cut into 5mm×5mm sections and mounted in epoxy to the end of a small tube. The final 
polished mounted sections had an area of 25 mm
2
 exposed to solutions. Water used for reagent 
preparation was purified using a reverse osmosis RIO’s unit and an Ultrapure Academic Milli-Q 
system (Millipore). The specific resistance of the Milli-Q water was 18.2 MΩ cm-1. Chemicals used 
in this study included CuSO4 (99%, Sigma-Aldrich) as an activator and potassium amyl xanthate 
(96%, Sigma-Aldrich)) as a collector.  
6.3.2  METHODOLOGY 
6.3.2.1  HSVM 
The same experimental method was applied as explained in Chapter 5. For sample 
preparation, before each experiment, the prepared mineral samples were wet polished using #1200 
polishing paper for 1 min to produce a freshly smooth and clean mineral surface. Then, the polished 
samples were immersed into the CuSO4 solution with desired concentration for 10 min. The 
activated minerals were submerged into the measurement cuvette filled with AX. After a given 
treatment time, to allow AX to adsobe on the mineral surface, a bubble generated by running the 
pump rose to and interacted with the surface. The interaction of the bubble with the mineral surface 
was monitored and recorded by HSVM. In the experiments with both sphalerite and pyrite minerals 
present in the solution, i.e., Cu-activation and AX treatment with different ratios of sphalerite to 
pyrite surface areas exposed to the solutions, small pieces of pyrite samples were polished with 
required surface area exposed to the solutions and were added into the solution contained in the 
cuvette at the same time with a mounted sphalerite sample. 
 
6.3.2.2 CRYO-XPS 
The experimental condition was explained in Chapter 5. Sample preparation was done first by 
wet polishing the minerals using paper #1200 grit and cleaning them with ethanol and Milli-Q 
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water. Then, the cleaned samples were activated with CuSO4 for 10 min and then treated with AX 
for another 10 min. The samples were then rinsed with Milli-Q water and dried with nitrogen gas 
before transferring to the XPS chamber.  
6.4 RESULTS AND DISCUSSION 
6.4.1 LIQUID FILM DR 
6.4.1.1 AX ADSORPTION ONTO THE SURFACES OF SPHALERITE AND PYRITE 
In the studies of collector adsorption onto a mineral surface, it has been accepted that the 
second order kinetics would be expected if the adsorption stage is rate-determining, and the rate of 
reaction should be proportional to the concentration of the collector in solution and the available 
adsorption sites on the mineral surface (Fredriksson et al., 2006). Therefore, in the case of sphalerite 
and pyrite Cu-activation and subsequent collector adsorption, we have the following kinetic model: 
    .
surface
dx
A B
dt
                                                                                                                   6. 1 
where, x is the amount of AX adsorbed onto the mineral surface, [B] is the concentration of AX in 
the solution, and [A]surface is the “concentration” of available active sites at the sphalerite or pyrite 
surface that undergo electrochemical interaction with AX and that have not been interacted by AX 
at time t. Eq. (6.1) can be integrated to obtain the amount of AX adsorbed onto the mineral surface 
in a similar way developed for Cu uptake by sphalerite (Ejtemaei and Nguyen, 2016b). It is further 
assumed that there is a proportionality between the collector adsorption and DR, the DR can be 
linked with the collector adsorption in a similar way that developed for the contact angle growth by 
Cu-uptake by sphalerite (Ejtemaei and Nguyen, 2016b). Finally, we can establish the following 
equation for calculating the DR,  , of the liquid film between the bubble and the mineral surface: 
     00exp1max k AX t t                                                                                             6. 2 
where, 
max is the maximum DR, k is the rate constant,  0AX  is the initial collector concentration 
in solution, and t is the treatment/contact time, i.e., the contact time of the mineral surface with the 
collector solution to facilitate the collector adsorption. A small time correction to be added or 
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subtracted from the experimental time, t, yields an effective treatment time  0t t  being 
synchronised with the measurements of the DR. This time correction is required for correcting the 
timing errors by the experimentalist. 
The DR, as defined in the paper of Ejtemaei and Nguyen (2016b), was applied in kinetic 
studies of AX adsorption on unactivated and Cu-activated sphalerite and pyrite. The kinetics of the 
adsorption of AX modeled by Eq. (6.2) shows that the modeling results fit the experimental data 
very well (Figure 6.1a & b). As can be seen from these figures, the rate of the adsorption of AX on 
the polished minerals was high during the first 3 minutes but, after about 5 minutes, equilibrium 
was reached. The AX adsorption on the minerals surface followed the assumption of a pseudo-first 
order rate reaction.  
Table 6.1 shows the parameters of the best fit for AX adsorption on the sphalerite and pyrite 
surfaces. With increasing AX concentrations, the rate constant (k) and the maximum DR (𝜈𝑚𝑎𝑥) 
increased for both minerals. The modelled rate constants for sphalerite were around 0.95, 0.98, and 
1.17 s
-1
M
-1
 and for pyrite were almost 0.76, 0.78, and 1.09 s
-1
M
-1
 at 0.1, 1 and 10 mM AX 
concentrations, respectively. The results indicated higher AX adsorption rate on the polished 
surface of sphalerite rather than pyrite. It could probably because of the Zn-xanthate precipotation 
on sphalerite surface, but with small extent of adsorption. However, a higher maximum DR on 
pyrite than sphalerite showed a greater extent of AX adsorption on pyrite, resulting in a stronger 
hydrophobicity. It could also be argued that, the lower maximum DR on sphalerite, could be due to 
the high band gap of sphalerite and its lower electron transfer ability to undergo electrochemical 
interaction with AX to form dixanthogen. Hence, lower AX adsorbed on sphalerite surface and its 
surface hydrophobicity was weaker than AX treated pyrite. 
The lower maximum DR for sphalerite could be due to the high band gap of sphalerite  and its 
lower electron transfer ability (Kartio et al., 1998) to undergo electrochemical interaction with AX 
in comparison with pyrite. Hence, lower AX adsorbs on sphalerite surface, and its surface 
hydrophobicity progress is weaker than AX treated pyrite surface. 
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Figure 6.1 Effect of treatment (contact) time on the liquid film DR of unactivated (a) sphalerite and 
(b) pyrite with the bubbles in the presence of different AX concentrations at unadjusted (neutral) 
pH. The lines describe the best fit of the pseudo-first order kinetic model by Eq. (6.2). 
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Table 6.1 Parameters of Eq. (6.2) obtained by best fit with the experimental results for DR of 
sphalerite and pyrite for different initial AX concentrations at unadjusted (neutral) pH.  
AX (mM) Rate constant, k (s
-1
 M
-1
) 𝜈𝑚𝑎𝑥 (mm/ms) 
Sphalerite Pyrite Sphalerite Pyrite 
0.1 0.95 0.76 0.127 0.137 
1 0.98 0.78 0.135 0.145 
10 1.17 1.09 0.138 0.151 
 
6.4.1.2 AX ADSORPTION ONTO SINGLE SURFACES OF CU-ACTIVATED SPHALERITE AND PYRITE 
Figure 6.2 shows the effect of treatment time of 0.1 mM Cu-activated sphalerite and pyrite 
with different AX concentrations on the DR. As evident from the figure, the adsorption of AX on 
Cu-activated sphalerite was rapid at the beginning, and a plateau in the adsorption was reached after 
approximately three minutes.  
It can also be realised from Figure 6.2 that there was a good correlation between experimental 
and calculated DRs using Eq. (6.2), indicating a pseudo-first order reaction rates for AX adsorption 
on Cu-activated sphalerite and pyrite. It points out that AX adsorption on the Cu-activated 
sphalerite and pyrite are proportional to initial AX concentration and available active sites on the 
mineral surfaces.  
The parameters of the best fit of AX interaction with polished and 0.1 mM activated 
sphalerite and pyrite are shown in Table 6.1. AX treatment of Cu-activated sphalerite increased the 
DR significantly, and the maximum DR increased from 0.127 mm/ms to 0.158 mm/ms, but the 
activation had no tangible effect on the maximum DR of pyrite. CuS-type layer formation on the 
Cu-activated sphalerite (Ejtemaei and Nguyen, 2016a) leads to a decrease in the band gap, and 
consequently, increases the adsorption of AX on the activated sphalerite. Hence, the interaction 
between AX and exchanged Cu on the activatedsphalerite surface plays a critical role in the AX 
adsorption rate on the sphalerite in comparison with the activated pyrite. It has been proposed that 
Cu-xanthate would be the species that form during xanthate adsorption on the Cu-activated 
sphalerite (Mikhlin et al., 2016b), while dixanthogen is surface product resulting from xanthate 
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reaction with Cu-activated pyrite (Mikhlin et al., 2016a). Therefore, Cu-xanthate formation on the 
sphalerite would appear faster than dixanthogen development on the pyrite surface. 
 
Figure 6.2 Effect of AX treatment (contact) time on the liquid film DR of 0.1 mM Cu-activated 
sphalerite and pyrite with the bubbles in the presence of 0.1 mM AX at neutral pH. The lines 
describe the best fit of the pseudo-first order kinetic model by Eq. (6.2). 
As can be seen from Table 6.2, the increase in the DR and rate constant due to the Cu-
activation is less prominent for the activated pyrite. It could be due to the partially CuFeS2-type 
layer formation on the Cu-activated pyrite (Ejtemaei and Nguyen, 2016a); however, the dominant 
hydrophobic product from AX interaction would still be dixanthogen rather than metal-xanthate at 
the unadjusted (neutral) pH. 
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Table 6.2 Parameters of Eq. (6.2) obtained by best fit with the experimental results for DR of 
polished and 0.1 mM Cu-activated sphalerite and pyrite in the presence of 0.1 mM AX at neutral 
pH.  
Minerals 
Rate constant, k (s
-1
 M
-1
) 𝜈𝑚𝑎𝑥 (mm/ms) 
Polished Cu-activated Polished Cu-activated 
Sphalerite 0.95 0.78 0.127 0.158 
Pyrite 0.76 0.70 0.136 0.141 
 
Figure 6.3 shows the effect of CuSO4 and AX concentrations on the DR of sphalerite and 
pyrite. It can be seen that there was an optimum concentration for CuSO4, and beyond it AX 
adsoption decreased. The DR increased with increasing CuSO4 and AX concentrations and, at 
concentrations higher than 0.1 mM CuSO4 and 1 mM AX, there was a successful attachment 
between an air bubble and sphalerite due to the totally covered mineral surface with AX and 
resulting strong hydrophobicity of the surface. However, a critical concentration observed for 
CuSO4 at 10 mM led to a decline in the DR and no attachment between the air bubble and the 
mineral even at high AX concentrations. It could be hypothesised that decomposition of xanthate 
will occur as Cu(OH)2 would be the dominant species in the solution at neutral pH with increasing 
CuSO4 concentrations. It has been suggested that at higher copper concentrations, even at mildly 
acidic conditions, copper hydroxide started to precipitate on the mineral surface and depress 
sphalerite flotation. The thickness of copper hydroxide layer improved with increasing copper 
concentration under. (Fornasiero and Ralston, 2006; Prestidge et al., 1997). Furthermore, high 
copper concentrations may also interact with xanthate collectors in the pulp preventing adsorption 
onto the activated sphalerite surfaces (Popov and Vucinic, 1990b). 
On the other hand, the DR increases with increasing CuSO4 and AX concentrations. The lack 
of adverse effect of high concentration of CuSO4 in pyrite Cu-activation could be due to the weak 
interaction of Cu(OH)2 with pyrite surface in comparison with sphalerite and less Cu(OH)2 
formation on the mineral surface.  
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Figure 6.3 The effect of CuSO4 and AX concentrations on the DR of (a) sphalerite and (b) pyrite 
after 10 min Cu-activation and 10 min AX treatment time at neutral pH. 
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6.4.1.3 AX ADSORPTION ON MIXED CU-ACTIVATED SPHALERITE AND PYRITE 
The ratios of 1:0, 1:1, 1:3, and 1:6 of sphalerite-to-pyrite surface areas exposed to solutions 
were used to investigate the effect of available pyrite surface area on the Cu-activation and AX 
adsorption on the sphalerite surface in the combined minerals condition. Figure 6.4 shows the DR 
between the bubble and sphalerite surface while the combined minerals (but not in physical contact) 
were activated by 0.1 mM CuSO4 for 10 min and then exposed to 10 mM AX solution. The results 
revealed that the maximum DR of sphalerite dropped in the mixed minerals system with increasing 
sphalerite:pyrite surface area ratio. It was also perceived that, with increasing mixture ratio, it took 
longer to reach a plateau in AX adsorption. This behaviour can be interpreted by competitive 
adsorption of Cu and AX on sphalerite and pyrite in the condition of combined minerals. 
 
 
Figure 6.4 Effect of surface area ratios of sphalerite to pyrite exposed to 0.1 mM CuSO4 and then 1 
mM AX solutions (neutral pH) on the DR of the liquid film between an air bubble and a sphalerite 
surface.  The start of film drainage was off-set to the thickness of 0.1 mm. 
As explained in the paper of Ejtemaei and Nguyen (2016b), Cu-activation rates of sphalerite 
and pyrite are proportional to the available active sites on the minerals surface, Zn for sphalerite and 
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S
2-
 for pyrite, and DR on sphalerite surface drops with increasing available pyrite surface area in the 
solution. It indicates that the amount Cu sites on the activated sphalerite surface decrease with 
increasing pyrite surface area. This decline in the available Cu sites on the sphalerite surface could 
have a detrimental effect on subsequent AX adsorption. Hence, the first reason for decreasing DR 
with increasing pyrite surface area is probably because of the less available active Cu sites on the 
sphalerite surface in the mixed mineral condition.  
The other hypothesis lies in the AX adsorption mechanism and its competitive adsorption on 
the activated sphalerite and pyrite. Figure 6.5 shows possible complexes that could form on the Cu-
activated sphalerite and pyrite surface. Metal-xanthate forms on a mineral surface if the reversible 
potential for xanthate oxidation (𝐸𝑟𝑒𝑣
𝑋2 ) is higher than the rest potential of the mineral (Figure 6.5a). 
However, dixanthogen would progress on a mineral surface with a lower rest potential than 𝐸𝑟𝑒𝑣
𝑋2 , 
(Figure 6.5b) (Yuehua et al., 2009).  
In the case of sphalerite and pyrite Cu-activation, sphalerite would be almost entirely covered 
by CuS-type after Cu-activation and new formed surface layer’s rest potential would be lower than 
𝐸𝑟𝑒𝑣
𝑋2  of applied AX (Figure 6.5a). Accordingly, there won’t be xanthate oxidation and dixanthogen 
formation, thus Cu-xanthate would be the dominant xanthate-related species. While CuFeS2-type 
species would form partially on the Cu-activated pyrite, its rest potential would locate close to 𝐸𝑟𝑒𝑣
𝑋2 , 
and the dominant FeS2 sites rest potential would be higher than 𝐸𝑟𝑒𝑣
𝑋2  (Figure 6.5b). As a result, the 
possible xanthate-related components on the activated pyrite would be dixanthogen or partly Fe-
xanthate. On the other hand, it has been postulated that Cu(I)-xanthate complexes form at lower EH 
values than do many other metal xanthate complexes, facilitating flotation selectivity of copper-
based and Cu-activated minerals to be obtained (Fornasiero and Ralston, 1992). Regarding 
sphalerite-pyrite flotation, AX would be more selective on Cu-activated sphalerite, but some 
amount of AX could be consumed by partially Cu-activated or unactivated sites on pyrite, xanthate 
oxidation and dixanthogen formation would occur mainly on the activated or unactivated pyrite 
surface since its rest potential is lower than the activated or unactivated sphalerite. This effect will 
be emphasized with increasing pyrite surface area as it was confirmed by Eq. (6.2) that the AX 
adsorption rate is proportional to the available active sites on the mineral surface. 
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Figure 6.5 Schematic presentation of Cu-xanthate formation on Cu-activated sphalerite (a), and 
dixanthogen formation on polished and Cu-activated pyrite (b). 
6.4.2 CRYO-XPS STUDIES 
6.4.2.1 SURFACE COMPOSITION OF COLLECTORS TREATED CU(II) ACTIVATED SPHALERITE 
XPS analysis provides information on the elemental composition and chemical states of 
surface species. The identification of volatile species, such as dixanthogen and elemental sulphur, is 
feasible via Cryo-XPS at low temperature -160°C. To identify the xanthate-related species on the 
Cu-activated sphalerite and pyrite as well as to justify our liquid film drainage results, we applied 
Cryo-XPS at the same condition described in the first experimental section. 
The binding energy and atomic concentrations of Zn, O, C and S elements detected on the 
polished sphalerite surface are listed in Table 6.3.  As shown in Table 6.3, the apparent binding 
energies of the main Zn 2p3/2 and S 2p3/2 peaks at 1022.6 eV and 161.5 eV respectively for the 
polished sphalerite were obtained and agreed with the literature (Buckley et al., 1989; Kartio et al., 
1998).  
The O 1s signals were fitted into two components. The dominant peak at BE of 531.7 eV with 
4.5 atom% and the smaller peak at 533 eV with 1.9 atom% are attributed to C-O and C=O bonding 
of carbon contamination layers, respectively. C 1s dominant peak at 284.8 eV is assigned with C-C 
of adventitious carbon contamination. The corresponding C 1s peaks of C-O and C=O at higher 
BEs of 286.2 and 288.4 eV confirm the reliability of the results.  
𝐸𝑟𝑒𝑣
𝐶𝑢𝑋2  
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Table 6.3 Binding Energy (BE) and Atomic concentrations (Atom %) of the elements identified on 
the freshly fractured sphalerite surface.  
 Comment BE (eV) Atom % 
Zn 2p3/2 Zn(II) (ZnS) 1021.6 31.8 
O 1s O (O-C) 531.7 4.5 
O 1s O (O=C) 533.0 1.9 
C 1s C (C-C Ref.) 284.8 26.8 
C 1s C (C-O) 286.2 3.8 
C 1s C (C=O) 288.4 1.8 
S 2p3/2 S
2-
 (ZnS) 161.5 19.6 
S 2p1/2 S
2-
 (ZnS) 162.7 9.9 
 
Table 6.4 shows binding energy and atomic concentrations of detected elements from 
sphalerite conditioned in 0.1 mM CuSO4 solution, and also conditioned first in 0.1 mM CuSO4 
solution and then in 1 mM AX for 10 min.  
The position of Cu 2p3/2 peak at 932.4 eV coincides with that reported previously for Cu-
activated sphalerite. It is assigned with Cu(I) (Kartio et al., 1998; Wang et al., 2013), the other Cu 
2p3/2 peak at 933.8 eV, and the presence of “shake-up” satellites near 944 eV meaning that Cu(II) 
dominates at this BE (Figure 6.6a). After that the Cu-activated sphalerite was conditioned in 
aqueous 1 mM xanthate solution, the Cu(II) component at 933.8 eV disappeared and a new Cu(I) at 
933.2 eV formed (Figure 6.6b). This disappeared Cu(I) component could be as a result of multilayer 
CuAX formation at the surface which would not be expected to have a high density of states near 
the Fermi level. 
The O 1s spectrum of Cu-activated sphalerite can be fitted with the three components. Species 
at 531.5 eV and 532.9 eV originating from chemisorbed OH and possible oxygen in carbonaceous 
substances in C-O and C=O forms, respectively. Simultaneous with disappearing Cu(II) component 
after AX treatment, the loss of O 1s species at 533.5 eV that was also attributed to the 
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disappearance of physically adsorbed Cu-hydroxide. Therefore, it confirms the dependence of this 
binding energy to Cu(II) oxide or hydroxide. 
C 1s spectra are dominated by C-C at 284.8 eV. Two other components at higher binding 
energies, ~285 and ~288 eV, are generated by C-O and C=O due to the carbon atoms of 
contamination (Figure 6.7a) (Buckley et al., 1989; Kartio et al., 1998). Unfortunately, the signal of 
C
*
 at 286.6 eV arising from C-C
*
-O of amyl xanthate (C4H9C
*
H2-O-CS2) adsorption (Mikhlin et al., 
2016a, b; Wang et al., 2015) on the mineral surface cannot be well separated from contamination 
signals. However, it is clear that C 1s at 286.5 eV has a strong intensity after AX treatment of Cu-
activated sphalerite (Figure 6.7c). After Cu-activation, the cross-fitting of related C and O elements 
for C-O and C=O bondings totally matches. Furthermore, after AX treatment, 3.9 atom% of O at 
531.6 eV does not fit with 7.2 atom% C at 286.6 eV to confirm the C-O bonding, indicating extra 
3.3 atom% C at 286.6 eV after AX treatment. Likewise, 3.9 atom% of O at 533.0 eV does not cover 
0.9 atom% C at 288.0 eV, demonstrating 3.0 atom% additional O at 533.0 eV after AX treatment. 
Cross-fitting the C and O elements revealed that surplus C and O at 286.6 and 533.0 eV are 
associated with AX adsorption, respectively. 
The S 2p spectra of Cu-activated sphalerite was better fitted with the predominant doublet of 
monosulphide ions with S 2p3/2 peak at 161.5 eV and a minor one at 162.7 eV ascribed to surface 
S-S and Cu-S bondings. The spectrum of the samples conditioned in AX solutions can be fitted 
using two doublets at 161.5 eV and 162.5 eV. The spectral differences between Cu-activated 
sphalerite and the samples treated with 1 mM AX were rather small and similar. The extra sulphur 
detected at about 162.5 eV, in comparison with detected sulphur at 162.7 eV on Cu-activated 
sphalerite, may be attributed to both metal-xanthate and disulphide ions on the mineral surface, and 
could be interpreted as no contribution from dixanthogen that should be located at 163.9 eV 
(Mikhlin et al., 2016a). This excess of sulphur at 162.5 eV might be assigned to S atoms in 
adsorbed xanthate, in line with growing content of C at 286.6 and O at 533.0 eV. The above 
analysis of the S 2p spectra shows, however, that the extra S occurs largely as monosulphide 
species, and most of the sulphur at 162.5 eV comes with the xanthate. This also means that the main 
quantity of C at 286.5 eV and O at 533.0 eV originates from Cu-xanthate formation rather than 
dixanthogen. 
 
 
Chapter 6: Kinetics Studies of Amyl Xanthate Adsorption and Bubble Attachment to 
Copper-Activated Sphalerite and Pyrite Surfaces 
 
 
125 
 
Table 6.4 Binding Energy (BE) and Atomic concentrations (Atom %) of the elements identified on 
the sphalerite surface after 10 min contact with 0.1 mM CuSO4 and 1 mM AX at neutral pH.  
 Comment BE Atom % 
Cu Cu+AX Cu Cu+AX Cu Cu+AX 
Zn 2p3/2 Zn(II)  1021.5 1021.5 15.3 19.1 
Cu 2p3/2 Cu(I)  932.4 932.3 7.1 13.0 
Cu 2p3/2 Cu(II)  933.8 - 1.2 - 
O 1s O-C; OH  531.5 531.6 2.3 3.9 
O 1s O=C Xanthate (C-O*-C) 532.9 533.0 4.2 3.9 
O 1s oxide  533.5 - 2.3 - 
C 1s C-C Ref.  284.8 284.8 30.9 16.0 
C 1s C-O Xanthate (C-C*-O) 286.1 286.6 2.5 7.2 
C1s C=O,  288.5 288.0 4.1 0.9 
S 2p3/2 S
2-
 (ZnS)  161.5 161.5 13.7 15.5 
S 2p1/2 S
2- 
(ZnS)  162.7 162.7 6.1 7.8 
S 2p3/2 S
- 
(CuS) Xanthate (S*=C) 162.7 162.5 6.4 8.4 
S 2p1/2 S
- 
(CuS) Xanthate (S*=C) 164.0 163.6 3.2 4.2 
 
 
Chapter 6: Kinetics Studies of Amyl Xanthate Adsorption and Bubble Attachment to 
Copper-Activated Sphalerite and Pyrite Surfaces 
 
 
126 
 
 
 
Figure 6.6 Cu 2p spectra of sphalerite, activated with 0.1 mM CuSO4 (a), and activated with 10
-4
 M 
CuSO4 then with 1 mM AX for 10 min (b) at neutral pH. 
(a) 
(b) 
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Figure 6.7 C 1s spectra of sphalerite, polished (a), activated with 0.1 mM CuSO4 for 10 min (b), and 
activated with 0.1 mM CuSO4 then with 1 mM AX for 10 min (c) at neutral pH. 
6.4.2.2 SURFACE COMPOSITION OF COLLECTORS TREATED CU(II) ACTIVATED PYRITE 
Table 6.5 shows binding energy and atomic concentrations of the element recognized on the 
polished pyrite surface. The Fe 2p spectra are composed of a narrow low-spin Fe(II) peak at about 
707.0 eV, a band centered at 708.0 eV from surface Fe atoms bonded to sulphur, and three 
multiplets at about 708.8, 710.0, and 711.1 eV from Fe(III) oxyhydroxides (Nesbitt et al., 2000; 
Uhlig et al., 2001). Three components for oxygen and three for carbon that were related to oxidation 
and adventitious carbon contamination were detected (Cano et al., 2001). In total, three doublets 
were fitted for S 2p spectrum of polished pyrite in which a component at 161.5 eV and 162.7 eV is 
related to surface disulphide species. The dominant component located at 162.4 eV and 163.6 eV 
are associated with Fe-S bond of bulk FeS2, and the other one at 164.4 and 165.6 eV is assigned 
with polysulphide on the mineral surface (Ejtemaei and Nguyen, 2016a).  
Table 6.5 Binding Energy (BE) and atomic concentrations (Atom %) of the elements identified on 
the freshly fractured pyrite surface. 
 Comment BE Atom % 
Fe 2p3/2 Fe
2+ 
Mult.1 (Fe(II)-S) 706.1 0.2 
Fe 2p3/2 Fe
2+ 
Bulk 707.0 9.0 
Fe 2p3/2 Fe
2+
 Mult.2 (Fe(II)-S) 708.0 0.3 
Fe 2p3/2 Fe
3+ 
Mult.1 (Fe(III)-S) 708.8 1.4 
Fe 2p3/2 Fe
3+ 
Mult.2 (Fe(III)-S) or (Fe(III)-O-OH) 710.0 0.3 
Fe 2p3/2 Fe
3+
 Mult.3 (Fe(III)-S) or (Fe(III)-O-OH) 711.1 0.3 
O 1s O (Oxide) 530.1 0.8 
O 1s O (O-C) and hydroxyl 531.3 1.6 
O 1s O (O=C) 532.5 6.3 
C 1s C (C-C Ref.) 284.8 40.1 
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C 1s C (C-O) 286.1 2.3 
C 1s C (C=O) 286.9 8.1 
S 2p3/2 S
2-
 (surface) 161.5 1.7 
S 2p1/2 S
2-
 (surface) 162.7 0.9 
S 2p3/2 S
- 
(FeS2) 162.4 16.5 
S 2p1/2 S
- 
(FeS2) 163.6 8.2 
S 2p3/2 Sn
2-
 164.4 1.4 
S 2p1/2 Sn
2-
 165.6 0.7 
 
Table 6.6 displays binding energy and atomic percent of Cu 2p, Fe 2p, O 1s, C 1s and S 2p 
spectra collected from Cu-activated pyrite and the activated sample conditioned in 1 mM AX 
solution. New components formation after Cu-activation of pyrite has been discussed previously 
(Ejtemaei and Nguyen, 2016a). However, after treatment of Cu-activated pyrite with AX, a small 
shift is observed for Cu(I) at 932.3 eV and for Fe(III) at 710.0, 710.7 and 711.6 eV. Various iron 
xanthate and iron hydroxide xanthate complexes have been formed, and their possible existence on 
the pyrite surface has been postulated (Fornasiero and Ralston, 1992; Mielczarski et al., 1996; 
Wang et al., 2013; Wang and Forssberg, 1991). Cu(I) peak at 932.3 eV could be due to the Cu-
xanthate formation. New Fe(III) components that formed following the adsorption of AX may be 
due to the chemisorbed xanthate on Fe oxyhydroxide or Fe-S sites to form ferric hydroxyl xanthate, 
Fe(OH)(AX)2 (Wang et al., 2013). 
The wide O 1s spectrum of Cu-activated pyrite is composed of several lines attributable to 
chemisorbed water molecules, carbonaceous contaminations, OH−groups and O2−species in ferric 
oxyhydroxides. An additional component arising at about 533 eV upon the AX treatment is due to 
oxygen in xanthate or its derivatives. The amount of surface carbon grows after the AX treatment; 
the increasing signals at 286.5 eV and 288.1 eV indicate that this is probably due to the adsorption 
of xanthate (partially at least). 
The S 2p spectra contain a dominant doublet with S 2p3/2 peak at 162.6 eV from S
−
 in pyrite 
as well as minor ones at ∼164.3 eV and ∼161.9 eV from surface polysulfide and Cu-activation 
product, respectively.  
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For Cu-activated pyrite in 1 mM AX solution, the lack of surface S
2-
 doublet at 161.2 eV 
indicates that the adsorption of AX probably occurs simultaneously with removal of surface S
2-
 
species from the mineral surface. However, additional intensity emerges in the high BE region, 
which can be fitted using a doublet with the binding energy of 164.3 eV. This is a signature of 
bridging S atoms in dixanthogen (C4H9CH2-O-C=S*)-S-S-(*S=C-O-CH2C4H9), while the signal 
from terminal S* atoms both in xanthate and dixanthogen (∼162.5 eV) overlaps the strong line of 
disulphide in pyrite (Deng et al., 2013a; Mikhlin et al., 2016a). The magnitude of the doublet at 
164.3 eV approximately corresponds to that of oxygen at 533.0 eV, indicating that the amount of 
chemisorbed metal-xanthate is low and dixanthogen is the main adsorbate on the Cu-activated 
pyrite surface. 
Table 6.6 Binding Energy (BE) and atomic concentrations (Atom %) of the elements identified on 
the pyrite surface after 10 min contact with 0.1 mM CuSO4 and 1 mM AX at neutral pH. 
 Comment BE Atom % 
Cu Cu+AX Cu Cu+AX Cu Cu+AX 
Cu 2p3/2  Cu(I)-activation   932.0 932.3 1.7 1.9 
Cu 2p3/2  Cu(II)-oxide  933.4 933.5 0.3 0.3 
Fe 2p3/2  Fe(II)-S  706.0 706.2 0.6 0.5 
Fe 2p3/2  Fe(II)
 
Bulk  707.0 707.2 12.4 14.3 
Fe 2p3/2  Fe(II)-S   708.0 708.2 1.3 1.5 
Fe 2p3/2  Fe(III)-S  709.0 709.1 1.9 1.3 
Fe 2p3/2  Fe(III)-S or Fe(III)-O-
OH 
 710.5 710.0 1.1 1.0 
Fe 2p3/2  Fe(III)-S or Fe(III)-O-
OH 
 711.9 710.7 0.4 0.5 
Fe 2p3/2  Fe(III)-O-OH  713.4 711.6 0.3 0.6 
O 1s  O (Oxide)  530.5 530.2 0.9 3.7 
O 1s  O-C and OH  531.7 531.7 7.2 8.9 
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O 1s  O=C Xanthate (C-O*-C) 533.2 533.0 3.2 5.3 
C 1s  C-C Ref.  284.8 284.8 21.5 13.0 
C 1s  C-O Xanthate (C-C*-O) 285.9 286.7 5.2 4.8 
C 1s  C=O  287.1 288.3 2.9 1.6 
C1s C=O  287.7 289.8 1.5 1.2 
S 2p3/2  S
2-
 (surface)   161.2 - 1.0 - 
S 2p1/2  S
2-
 (surface)  162.4 - 0.5 - 
S 2p3/2  S
2-
 (activation)  161.9 161.9 5.4 2.8 
S 2p3/2  S
2- 
(activation)  163.1 163.1 2.7 1.4 
S 2p3/2  S
- 
(FeS2) Xanthate (S*=C) 162.7 162.6 17.4 21.4 
S 2p1/2 S
- 
(FeS2)  Xanthate (S*=C) 163.8 163.7 8.7 10.7 
S 2p3/2  Sn
2-
  Dixanthogen (S*-S) 165.0 164.3 1.3 2.3 
S 2p1/2  Sn
2-
  Dixanthogen (S*-S) 166.2 165.5 0.7 1.1 
6.5 CONCLUSIONS 
The liquid film drainage studies using HSVM have shown that the AX adsorption on the 
polished and Cu-activated sphalerite and pyrite follow pseudo-first order reaction rates, representing 
relativity of AX adsorption to initial AX concentration and available active sites on the minerals 
surfaces. 
Treatment of Cu-activated sphalerite with AX increases the DR significantly, but there is no 
tangible effect on the maximum DR of pyrite. The reason could be due to the full coverage of 
sphalerite surface with a CuS-type layer that leads to the Cu-xanthate formation on the sphalerite, 
while partially CuFeS2-type layer formation on the Cu-activated pyrite results in the small amount 
of Cu-xanthate formation thereby suggesting the dominant hydrophobic product on the pyrite 
surface is dixanthogen. 
In-situ DR studies on combined sphalerite-pyrite minerals with Cu-activation and AX 
treatment have suggested that surface hydrophobicity of the sphalerite decreases with increasing 
pyrite surface area in the solution. It also reduces the AX adsorption rate on sphalerite. 
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Cryo-XPS studies have revealed that mono-layer of chemisorbed Cu-xanthate is the 
predominant adsorbate on Cu-activated sphalerite, and dixanthogen preferentially formed on the 
activated pyrite surface with a minor amount of Cu- and Fe- xanthate complexes. Therefore, it can 
be concluded that AX would be more selective upon the activated sphalerite. However, some 
amount of AX would be consumed by activated or unactivated sites on pyrite in the form of main 
dixanthogen or partially Cu- and Fe-xanthate species. This effect would be noticeable with 
increasing available pyrite surface area. 
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7.1 CONCLUSIONS 
This project investigated the parameters affecting Cu-activation of sphalerite with the main 
objective of lowering copper sulphate consumption.  
In Chapter 2, the previously published papers on the Cu-activation mechanism, kinetics and 
different parameters that can impact the activation process were critically reviewed. The review of 
zinc processing plants reports revealed that the amount of required copper sulphate varies based 
mostly on the process water chemistry and ore composition. As sphalerite coexists with pyrite, and 
the possibility of inadvertent Cu-activation of pyrite is feasible, it was concluded that the presence 
of pyrite and its Cu-activation could play a critical role in the efficiency of sphalerite activation. 
Despite comprehensive studies on Cu-activation of sphalerite, there is a relative paucity of 
fundamental studies on Cu-activation of sphalerite and pyrite. In this literature review, two more 
gaps were also identified. The first is a systematic experimental investigation of the combined 
effects of dissolved ions, e.g. Ca, Mg and SO4, in an extensive range of concentrations. The second 
gap concerns consistent experimental studies of the behavior of sphalerite Cu-activation with and 
without collector treatment in the absence and presence of pyrite. 
To address the first issue, surface-sensitive Cryo-XPS technique was applied to investigate 
the adsorption mechanism of Cu
2+
 on sphalerite and pyrite surface. The high-resolution spectra 
from detected elements on the Cu-activated minerals revealed the elements valence changes and 
also the appearance of new elements. Cu-activated sphalerite XPS results unfolded that the 
concentration of Zn
2+ 
on the sphalerite surface after activation drops by adsorption of Cu. It implies 
an ion exchange mechanism and substation of Cu
2+
 for Zn
2+
 in the lattice. However, with the 
presence of Cu
+
 and S
-
 on the mineral surface after activation, it can be suggested that, after ion 
exchange, there is a reduction of the adsorbed Cu
2+
 to Cu
+
 and oxidation of the surface S
2-
 to S
-
, 
leading the CuS-type layer formation on the sphalerite surface. Depth profiling after 10 min 
activation revealed Cu diffusion into the sphalerite lattice up to 10 nm. Unlike the Cu-activation of 
sphalerite, XPS results did not show ion exchange between Cu
2+
 and Fe
2+
 during Cu-activation of 
pyrite. However, additional Fe
3+
 and S
-
 signals in conjunction with new Cu
+
 peak formation 
suggested that, in the first stage of the activation, Cu
2+
 will be reduced to Cu
+
 by oxidation of 
surface S
2-
 species to S
-
. The subsequent reaction would be Fe
2+
 oxidation to Fe
3+
 followed by 
reduction of S
-
 to S
2-
 leading to CuFeS2 layer formation. In contrast to sphalerite Cu-activation, the 
results revealed that Cu did not diffuse into the pyrite lattice and there is monolayer activation 
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product formation with less than 3 nm thickness. The zeta potential studies confirmed the 
hypothesis regarding the surface products for the activated sphalerite and pyrite. It was observed 
that the zeta potential of the Cu-activated sphalerite is very close to CuS zeta potential while, for 
pyrite activation by Cu, the measured zeta potential is near CuFeS2 zeta potential at neutral pH. 
To address the next issue, a systematic study of the effect of calcium, magnesium and 
sulphate ions on the Cu-activation of sphalerite was completed by contact angle measurements, 
analysis of the surface species using XPS, and zeta potential measurements. The contact angle 
results showed that the presence of either calcium or magnesium ions individually decreases 
sphalerite hydrophobicity caused by Cu-activation. The presence of CaSO4 at a high concentration, 
which exceeded gypsum solubility, substantially reducing the contact angle of the activated mineral 
from 67° to 33°. Determinations by XPS of the surface composition of Cu-activated sphalerite 
showed Cu(I) formation on the sphalerite surface. Polysulphide formation after Cu-activation was 
also detected. The results obtained by XPS analysis revealed that the decrease in Cu concentration 
and polysulphide formation on the Cu-activated sphalerite was attributable to the adsorption of 
ionic calcium or magnesium species. It is argued that the migration of Cu ions to the ZnS–H2O 
interface from the bulk solution is retarded due to competition for adsorption of Cu ions with these 
species. Therefore, the presence of calcium and magnesium ions in itself can decrease Cu uptake in 
the sphalerite activation process, probably because of the electrostatic interaction between the ions 
and the negatively charged unactivated sphalerite surface. 
To fill out the last identified gap in the literature, novel in-situ HSVM and Cryo-XPX 
methods were applied. The bubble-mineral interactions recorded by HSVM confirmed that the 
successful attachment of bubbles onto Cu-activated sphalerite involved three steps, namely: (1) a 
liquid film formation between the bubble and the mineral surface; (2) a liquid film thinning and 
bubble spreading on mineral surface; and (3) the attachment and bubble relaxation on the mineral 
surface. The image analysis of the recorded bubble-mineral interactions at different Cu-activation 
conditions of sphalerite showed that the liquid film thinning rate switched from planar liquid film 
formation to either maximum bubble spreading or contact angle formed at the maximum spreading. 
These steps could then be used to monitor the hydrophobicity of the treated minerals. The liquid 
film drainage and contact angle results exposed that the activation of pyrite by Cu had no effect on 
the liquid film DR or bubble-pyrite contact angle suggesting  that hydrophobic species cannot be 
formed on the Cu-activated pyrite surface which is opposite to Cu-activation of sphalerite. The 
liquid film drainage studies have shown that the drainage time, which is an indicative of the 
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maximum of the Cu adsorption on sphalerite surface, increases with decreasing Cu concentration. 
For initial Cu concentrations of 1 and 0.01 mM, the plateau of maximum drainage time was attained 
at 5 and 20 min, respectively. The bubble-mineral contact angle also exhibited the same trend of 
liquid film drainage time. Applying the second-order reaction kinetics model, which links the 
measured contact angle with Cu adsorption rates, revealed that the adsorption rate followed a 
second-order rate law. It confirmed the dependence of the adsorption rate on initial Cu 
concentration and available Zn sites on the mineral surface.  
Effects of different ratios of sphalerite to pyrite surface areas exposed to Cu solutions on the 
bubble-surface attachment was also studied by taking advantage of the proposed in-situ HSVM 
technique and Cryo-XPS. The liquid film drainage and contact angle methods showed a similar 
decreasing trend of Cu adsorption onto the sphalerite surface with increasing available pyrite 
surface area exposed to Cu solution. Cryo-XPS results also confirmed the decreasing Cu/Zn and 
Sn/Cu ratios with increasing pyrite proportion in the two minerals systems. The liquid film drainage 
studies using HSVM also revealed that the AX adsorption on the polished and Cu-activated 
sphalerite and pyrite followed pseudo-first order reaction rates, representing relativity of AX 
adsorption to initial AX concentration and available active sites on the minerals surfaces. Treatment 
of Cu-activated sphalerite with AX increased the DR significantly, but there was no tangible effect 
on the maximum DR of pyrite. The reason could be due to the full coverage of sphalerite surface 
with a CuS-type layer that led to the Cu-xanthate formation on the sphalerite, while partial CuFeS2-
type layer formation on the Cu-activated pyrite resulted in the small amount of Cu-xanthate 
formation and larger amount of dixanthogen as the dominant hydrophobic product on the pyrite 
surface.  
In-situ DR studies on combined sphalerite-pyrite minerals with Cu-activation and AX 
treatment suggested that surface hydrophobicity of the sphalerite decreased with increasing pyrite 
surface area in the solution. It also reduced the AX adsorption rate on sphalerite. Cryo-XPS studies 
revealed that mono-layer of chemisorbed Cu-xanthate was the predominant adsorbate on Cu-
activated sphalerite, and dixanthogen preferentially formed on the activated pyrite surface with a 
minor amount of Cu-xanthate and Fe-xanthate complexes. Therefore, it was concluded that AX 
would be more selective on activated sphalerite. 
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7.2 RECOMMENDATIONS FOR FUTURE WORK 
There are a number of issues that could be pursued further from this study which would help 
to characterize the behavior of sphalerite and pyrite Cu-activation: 
 Cryo-XPS results in Cu-activation of sphalerite showed that CuS-type layer would be the 
surface product. However, it is not clear that CuS is present as CuS, Cu2S
.
CuS2 or Cu2S2. 
Further studies are advised to find out the form of CuS-type product. 
 Due to the formation of hydrophobic species on Cu-activated sphalerite, collectorless 
flotation of sphalerite could be feasible. As there are few studies on collectorless flotation 
of Cu-activated sphalerite, surface chemistry studies on Cu-activated sphalerite under 
oxidising condition are suggested. 
 Cryo-XPS experimental results showed that Cu-activation of pyrite is governed by 
electrochemical reactions and Cu-uptake by pyrite increases in reducing condition. As Cu-
activation in industrial processing plant is accomplished in reducing condition, because of 
the grinding minerals in a steel media environment, the pyrite Cu-activation can be 
reinforced in comparison with sphalerite. As there is no fundamental studies in pyrite Cu-
activation at different potentials in the presence of sphalerite to monitor the competitive Cu 
adsorption on the minerals, electrochemical studies of pyrite Cu-activation in the presence 
of sphalerite using cyclic voltammetry are recommended for quantitative support. 
 The experimental results of the dissolved ions effect on sphalerite Cu-activation exhibited 
a significant drop in Cu adsorption on the mineral surface in the presence of these ions. 
However, eliminating the adverse effects of calcium, magnesium and sulphate ions on Cu-
activation of sphalerite have not been addressed yet. It should be noted that decreasing the 
concentrations of calcium and magnesium, or precipitation of calcium sulphate in process 
water is feasible by using reagents to convert calcium/magnesium to a specimen that has a 
lower solubility product constant than calcium sulphate (e.g., sodium carbonate). Probably 
CO2 gas bubbling in the solution could be one critical approach to tackling this problem. 
 HSVM method was applied to study sphalerite Cu-activation rate in the presence of 
different pyrite surface area at neutral pH without controlling EH. Therefore, a similar 
method can be employed for mix mineral system to observe the effect of pH and EH on 
sphalerite hydrophobicity after Cu-activation and collector treatment.   
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A1. APPENDIX 1 
A1.1. POLISHED PYRITE XPS GRAPHS FROM CASA-XPS SOFTWARE 
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Figure A1. 1 Survey and high-resolution XPS graphs from polished pyrite surface 
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A2. APPENDIX 2 
A2.1. PHOTOELECTRON SIGNALS FOR S 2P FROM CASA-XPS SOFTWARE WITHOUT REPLOTTING IN 
EXCEL 
 
  
  
Figure A2. 1 S 2p X-ray photoelectron signals of sphalerite: (a) Polished sphalerite, (b) after 10 min 
contact with 10
-4
 M Cu(NO3)2 at pH 4.6, (c) After 10 min contact with 10
-2
 M Ca(NO3)2 at pH 4.6, 
(d) After 10 min contact with 10
-4
 M Cu(NO3)2 + 10
-2
 M CaSO4 at pH 4.6 
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A2.2. PHOTOELECTRON SIGNALS FOR O 1S FROM CASA-XPS SOFTWARE WITHOUT REPLOTTING IN 
EXCEL 
 
  
  
Figure A2. 2 O 1s X-ray photoelectron signals of sphalerite: (a) Polished sphalerite, (b) After 10 
min contact with 10
-4
 M Cu(NO3)2 at pH 4.6, (c) After 10 min contact with 10
-2
 M Ca(NO3)2 at pH 
4.6, (d) After 10 min contact with 10
-4
 M Cu(NO3)2 + 10
-2
 M CaSO4 at pH 4.6 
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A3. APENDIX 3 
A3.1. PHOTOELECTRON SIGNALS OF C 1S FROM XANTHATE TREATED PYRITE, REPLOTTED IN 
EXCEL 
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Figure A2. 3 C 1s spectra of pyrite, polished (a), Cu-activated (b), and Cu-activated then treated 
with AX (c), at neutral pH 
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